WHOI-QS-^O 


AD-Agg  392 

Woods  Hole  Oceanographic  Institution 
Massachusetts  Institute  of  Technology 


mo 


Joint  Program 
in  Oceanography/ 
Applied  Ocean  Science 
and  Engineering 


dtic 

FLECTE 
WHY  2  01994 


^  F 


DOCTORAL  DISSERTATION 


Surface  Exposure  Geochronology  Using  Cosmogenic  Nuclides: 
Applications  in  Antarctic  Glacial  Geology 


This  docuaent  has  boss  appTevf4 
loi  public  release  and  sale;  in 
distribution  is  uniiaired 


by 

Edward  J.  Brook 


February  1994 


94-15147 

iiliillii 


94  5  1  ^  d  7 


WHOI-93-50 


Surface  Exposure  Geochronology  Using  Cosmogenic  Nuclides: 

Applications  in  Antarctic  Glacial  Geology 

by 

Edward  J.  Brook 

Woods  Hole  Oceanographic  Institution 
Woods  Hole,  Massachusetts  02543 

and 

The  Massachusetts  Institute  of  Technology 
Cambridge,  Massachusetts  02139 

February  1994 

DOCTORAL  DISSERTATION 

Funding  was  provided  by  the  National  Science  Foundation  under  Grants  DPP88-17406, 
DPP91-17458,  EAR91-06810,  the  Ocean  Ventu  es  Fund  of  the  Woods  Hole  Oceanographic 
Institution  and  by  a  National  Defense  Science  and  Engineering  Graduate  Fellowship  from  the  Office 

of  Naval  Research. 


Reproduction  in  whole  or  in  part  is  permitted  for  any  purpose  of  the  United  States 
Government.  This  thesis  should  be  cited  as:  Edward  J.  Brook,  1994.  Surface 
Exposure  Geochronology  Using  Cosmogenic  Nuclides: 

Applications  in  Antarctic  Glacial  Geology.  Ph.D.  Thesis.  MIT/WHOI,  WHOI-93-50. 


Achesion  for  ,  ' 

NTIS  CRA&I 
OTIC  TAB 
U:.a.  MOLincecj 
Justification 

□ 

□ 

By . 

Dist.  ibution  / 

Availabili* 

y  Cock'S 

Oist 

1  Avuil  at-d/or 
j  Special 

M 

_J 

Approved  for  publication;  distribution  imlimited. 


Approved  for  Distribution: 


Department  of  Marine  Chemistry  and  Geochemistry 


Dean  of  Graduate  Studies 


SURFACE  EXPOSURE  GEOCHRONOLOGY  USING  COSMOGENIC 
NUCLIDES;  APPUCAHONS  IN  ANTARCTIC  GLACIAL  GEOLOGY 


EDWARD  JEREMY  BROOK 

B,  S.,  Duke  University,  1985 
M.  S.,  University  of  Montana,  1988 

submitted  in  partial  fulfillment  of  the  requirements  for  the  degree  of 

DOCTOR  OF  PHILOSOPHY 

at  the 

MASSACHUSETTS  INSTITUTE  OF  TECHNOLOGY 

and  the 

WOODS  HOLE  OCEANOGRAPHIC  INSTITUTION 


September  1993 
©  Edward  J.  Brook  1993 

The  author  hereby  grants  to  MIT  and  WHOI  permission  to  reproduce 
and  distribute  copies  of  this  thesis  document  in  whole  or  in  part. 


Signature  of  Author. 


Joint  Program  in  Oceanography 
Massachusetts  Institution  of  Technology 
Woods  Hole  Oceanpgraphic  Institution 


Certified  by 


Accepted  by. 


Dr.  Edward  A.  Boyle,  Acting  Chairman 
Joint  Committee  for  Chemical  Oceanography 
Massachusetts  Institution  of  Technology 
Woods  Hole  Oceanographic  Institution 


Surface  Exposure  Geochronology  Using  Cosmogenic  Nuclides:  Applications 

in  Antarctic  Glacial  Geology 

by 

Edward  Jeremy  Brook 

Abstract 

Cosmogenic  ^He,  26^1,  and  have  been  measured  in  a  variety  of 
Antarctic  glacial  deposits  in  the  McMurdo  Sound-Dry  Valleys  region.  Tlxe 
goals  of  tl^  project  were  to  provide  age  constraints  for  Antarctic  glacial 
events,  to  investigate  production  mechatusms  of  ^He,  ^^Be,  and  26a1  in 
terrestrial  rocks,  to  constrain  the  importance  of  loss  of  ^He  from  quartz  due  to 
diffusion,  and  to  refine  methods  of  exposure-age  dating. 

Moraines  deposited  in  Arena  Valley  by  the  Taylor  Glacier,  an  outlet 
glacier  of  the  East  Antarctic  Ice  Sheet,  have  exposure  ages  from  ~120  kyr  to  2 
myr.  and  ^He  ages  of  122  ±  29  and  134  ±  54  kyr,  respectively,  for  the 
Taylor  n  moraine  are  consistent  witii  deposition  during  isotope  stage  5e  (~  120 
kyr)  and  with  aerial  expansions  of  the  East  Antarctic  Ice  Sheet  during 
interglacial  periods.  Mec.n  exposure  ages  for  older  moraines  in  the 
valley  are  362  ±  26  k5rr  (Taylor  HI),  1.1  ±  0.1  myr  (Taylor  IVa)  and  1.9  ±  0.1  myr 
(Taylor  IVb).  Because  these  older  moraines  were  deposited  at  most  ~200  m 
above  the  Taylor  n  limit  their  ages  suggest  that  major  ice  sheet  advances 
during  the  last  2  m3nr  have  been  broaiUy  similar  in  magnitude  to  changes 
during  the  last  gladal-intergladal  cycle.  ^^Be  ages  for  stratigraphically  older 
drift  deposited  by  the  Taylor  Glacier  allow  extension  of  this  conclusion  to  -  3 
myr. 

^^Be  measurements  in  high  altitude,  pre-Pleistocene  glacial  deposits  in 
the  Ehy  Valleys  preclude  rapid  uplift  of  the  Transantarctic  Mountains  (400- 
1000  m/m3rr)  suggested  by  controversial  biostratigraphic  studies  of  Sirius 
Group  tiUs.  Comparison  of  measured  ^^Be  concentrations  in  Sirius  Group 
deposits  with  those  predicted  with  a  model  of  the  effects  of  uplift  on  ^^Be 
production  suggests  minimal  uplift  of  the  Transantarctic  Mountains  over  the 
last  3  myr. 

^He,  l^Be  and  26 a1  ages  for  the  "late  Wisconsin"  Ross  Sea  Drift,  a 
glacial  drift  deposited  on  the  coast  of  McMurdo  Sound  by  the  Ross  Sea  Ice 
Sheet,  range  from  8-106  k3rr.  The  age  range  suggests  that  this  deposit  does  not, 
as  previous  studies  suggested,  represent  a  single  ice  advance  in  response  to 
lowered  sea  level  at  the  last  glacial  maximum.  The  age  range  may  reflect 
several  ice  sheet  advances  during  the  last  glacial  period. 

Paired  measurements  of  ^He  and  in  a  number  of  quartz 
sandstones  from  the  Dry  Valleys  region  show  that  cosmogenic  ^He  is  not 
completely  retained  on  time  scales  of  greater  than  200  kyr.  The  ^He  and  ^^Be 
data,  combined  with  measurements  of  ^He  concentrations  in  quartz  as  a 
function  of  grain  size,  suggest  effective  ^He  diffusion  coefficients  in  quartz 
from  ~10"^^  to  10“12  cm2  s-1.  These  values  are  one  to  three  orders  of 
magnitude  greater  than  previous  experimental  determinations  extrapolated 
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to  low  temperature.  The  data  also  suggest  that  ^He  diffusion  rates  in  quartz 
do  not  follow  simple  volume  diffusion  trends  and  are  probably  sample 
dependent. 

Crushing  quartz  grains  m  vacuo  releases  variable  concentrations  of 
^He  and  ^He  and  releases  helium  with  surprisingly  high  isotopic 
compositions,  up  to  148  x  Ra  (Ra  =  atmospheric  ^He/^He  ratio :  1.384  x  10^). 
The  high  ratios  suggest  that  crushing  releases  cosmogenic  ^He.  As  a  result,  in 
vacuo  crushing  cannot  be  used  to  correct  ^He  concentrations  in  quartz  for  a 
magmatic  or  "non-cosmogenic"  component,  as  is  possible  in  olivine  and 
clinopyroxene  phenocrysts  in  volcanic  rocks. 

Replicate  analyses  of  quartz  samples  show  widely  varying  ^He 
concentrations  and  constant  ^He  concentrations.  These  data  allow  constraint 
of  the  nucleogenic  ^He/^He  production  ratio  to  less  than  0.05  ±  0.2  Ra- 
Corrections  to  exposure  ages  for  nucleogenic  ^He  are  in  most  cases  <  1  %  of 
total  ^He. 

Depth  profiles  of  ^^Be  and  26a1  in  two  quartz  sandstone  bedrock  cores 
have  exponential  attenuation  lengths  of  145  ±  5  and  145  ±  6  g  cm"2  (lOge)  and 
153  ±  13  and  152  ±  5  g  cm"2  (26^1).  The  close  agreement  between  the  apparent 
attenuation  lengths  for  the  two  nuclides  supports  previous  suggestions  that 
the  26Al/10Be  ratio  does  not  change  with  depth  and  therefore  can  be  used  as 
an  independent  chronometer.  ^He  profiles  in  0.5-0.7  mm  and  1.0-1.3  mm 
grains  in  one  of  the  cores  have  scale  lengths  of  135  ±  6  and  152  ±  7  g  cm"2, 
respectively.  In  the  second  core  the  exponential  scale  length  for  ^He  (0.5-0.7 
mm  grains)  is  significantly  higher,  227  ±14  g  cm'2.  Models  incorporating 
^He  production  by  muons  and  neutrons,  erosion,  and  diffusion  suggest  that, 
to  explain  the  core  data,  muon-induced  production  rates  of  ^He  must  be 
greater  than  previously  believed.  Previously  overlooked  (n,T)  or  (n,3He) 
reactions  on  Si  and  O  by  relatively  low  energy  (e.g.,  lO's  of  MeV)  neutrons 
produced  in  muon  capture  reactions  are  a  possible  explanation  for  the 
discrepancy. 


Thesis  Supervisor:  Mark  D.  Kurz,  Associate  Scientist 
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Introduction 

Lack  of  adequate  chronology  is  a  primary  problem  of  terrestrial 
Quatenuuy  geology,  particularly  for  events  beyond  the  rai\ge  of  radiocarbon 
dating  (e.g.,  >  40  kyr).  Exposed  geological  surhices,  such  as  striated  bedrock, 
moraine  boulders,  fault  scarps,  and  meteor  craters,  have  obvious  significance, 
but  traditional  absolute  dating  methods  are  not  directly  applicable  to  studying 
such  features.  New  methods,  based  on  the  accumulation  of  cosmic-ray 
produced  nuclides  in  rocks,  are  particularly  promising  for  directly  dating 
geological  surfaces. 

In  1934,  Grosse  et  al.  first  suggested  that  cosmic  rays  produce  rare 
isotopes  in  terrestrial  rocks.  In  1955,  Davis  and  Schaeffer  suggested  that 
cosmogenic  ^^1  could  be  used  to  date  terrestrial  surfaces.  Early  studies  were 
hampered  by  the  limited  sensitivity  of  available  analytical  techniques. 
However,  recent  developments  in  accelerator  mass  spectrometry  and 
improvements  in  noble  gas  mass  spectrometry  now  allow  accurate 
measurement  of  a  number  of  cosmogenic  nuclides  in  terrestrial  rocks.  The 
most  commonly  measured  are  ^He,  ^iNe,  l®Be  (tl/2=1.5  x  10^  yr),  26 Al 
(tl/2=7,2  xIQS  yr),  and  36ci  (ti/2=3x  lO^  yr).  In  the  last  decade  a  number  of 
groups  have  developed  the  capability  to  make  these  measurements  and 
application  to  geological  problems  is  beginning  (e.g.,  Kurz  et  al.,  1990;  Phillips 
et  al.,  1990;  Brown  et  al.,  1991;  Nishiizumi  et  al.,  1991;  Phillips  et  al.,  1991; 
Anthony  and  Poths,  1992;  Brook  et  al.,  1993).  Several  groups  are  also 
developing  the  capability  to  measure  in  situ  ^ICa  (tl/2=1.02  x  10^  yr)  and 
(ti  /2=5.7  X 103  yr)  ( Fink  et  aL,  1991;  JuU  et  al.,  1992). 

This  dissertation  describes  thxe  application  of  cosmogenic  nuclides  to 
several  problems  of  Antarctic  glacial  geology,  where  the  fundamental  goal  is 
to  provide  new  age  constraints  for  glacial  deposits  related  to  Quaternary  and 
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earlier  Antarctic  glaciation.  It  also  describes  a  number  of  efforts  toward 
further  tmderstanding  of  cosmogenic  nuclide  production  mechanisms, 
production  rates,  and  assumptions  inherent  in  exposure  age  dating. 


Production  of  Cosmogenic  Nuclides  in  Terrestrial  Rocks 
Background 

The  primary  flux  of  galactic  ossmic  rays  (GCR)  is  composed  mostly  of 
protons  (~85%),  alpha  particles  (~15%),  and  a  small  percentage  of  heavier 
nuclei  (Lai  and  Peters,  1967;  Pomerantz,  1971).  These  high  energy  particles 
interact  with  molecules  in  the  earth's  atmosphere,  producing  secondary 
protons,  neutrons,  electrons,  muons,  and  a  variety  of  other  particles. 
Cosmogenic  nuclides  are  produced  in  terrestrial  rocks  by  a  number  of 
different  mechanisms,  including  spallation  of  major  elements  by  secondary 
cosmic>ray  neutrons,  capture  of  thermal  neutrons  and  muons  produced  by 
cosmic  ray  interactions  in  the  atmosphere  and  in  rocks,  and  spallation  by 
neutrons  produced  in  muon  capture  reactions  (Kurz,  1986b;  Lai  and  Peters, 
1%7;  Lai,  1987). 

Table  1  lists  the  most  <x>mmonly  measured  cosmogenic  nuclides  in 
terrestrial  rocks  that  show  promise  for  surface  exposwe  studies.  Of  these,  ^He 
and  ^^Ne  are  stable  noble  gases  that  can  be  measured  with  conventional 
magnetic  sector  noble  gas  mass  spectrometers  (e.g.,  Kurz,  1986b;  Graf  et  al., 
1991;  Staudacher  and  AUegre,  1991;  Brook  and  Kurz,  1993;  Kurz  and  Brook, 
1993;  Poreda  and  Cerling,  1993).  The  stable  isotopes  are  useful  for  surface 
exposiue  studies  because  they  can  act  as  integrators  of  cosmic  ray  exposure  on 
long  time  scales,  potentially  up  to  several  million  years.  Stability  can  also  be  a 
disadvantage  because  of  the  possibility  of  an  "inherited"  component  not 
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related  to  the  exposure  age  of  the  sample,  either  from  previous  exposure  to 
cosmic  rays,  nuclear  reactions  within  the  earth,  or  primordial  noble  gases. 

The  other  nuclides  in  Table  1  are  all  long-lived  radionuclides,  and  are 
most  efficiently  measured  with  accelerator  mass  spectrometers  (principles  of 
AMS  are  briefly  reviewed  in  Chapter  2).  The  half-lives  of  these  isotopes  limit 
their  utility  for  dating  to  specific  age  ranges  dictated  by  the  half-life  and 
measurement  precision.  The  availability  of  a  number  of  nuclides  with 
different  half-lives,  however,  offers  the  possibility  of  examining 
"disequilibrium"  effects  that  can  be  used  to  study  erosion,  past  ice  or  soil 
cover,  tectonic  uplift  or  other  tectonic  activity,  and  a  variety  of  other  processes 
(see  further  discussion  in  Lai,  1991;  Brown  et  al.,  1991;  and  Chapter  5). 

Of  the  nuclides  listed  in  Table  1,  ^He,  lOpe,  and  26ai  are  the  most 
widely  measured  and  have  been  employed  in  the  studies  of  Antarctic  glacial 
chronology  described  in  the  following  chapters.  The  production  of  ^He, 
and  2^A1  in  terrestrial  rocks,  the  methods  of  surface  exposure  dating,  and  the 
major  geological  and  geochemical  conclusions  of  this  dissertation  are 
discussed  in  the  following  sections  of  this  chapter. 

Table  1.  Commonly  measured  cosmogenic  nuclides  in  rocks,  target  elements, 
half-lives,  and  approximate  sea  level  production  rates. 


Isotope 

Half-life 

Targets 

Production  Rate 

3He 

(yr) 

(at  g"l  yrl) 

stable 

05lMg,Fe,Al 

100-150 

2lNe 

stable 

Mg,  Al,  Si,  Fe 

80-160 

lOBe 

15x106 

O,  Si,  Mg,  Fe,Al 

6  (quartz) 

26a1 

72xl(P 

Si,  Al,  Fe,  Mg 

37 

36ci 

3.0x105 

Fe,K,Cl,Ca 

8  (basalt) 

14c 

5.7x103 

O,  Si,  Mg,  Fe 

20 

20 


^He  Production  Mechanisms 

^He  is  produced  in  terrestrial  rocks  primarily  by  spallation  reactions 
with  cosmic  ray  neutrons  (Kmz,  1986a,b;  Lai,  1987).  Spallation  refers  to  a 
variety  of  nuclear  reactions  involving  disintegration  of  the  nucleus  due  to  a 
collision  with  a  particle.  More  specifically,  it  refers  to  inelastic  collisions 
where  the  incident  particle  energy  is  well  above  tiie  binding  energy  of  the 
target  nucleus  and  at  least  one  of  the  interacting  particles  is  a  complex  nucleus 
(Shen,  1976).  Energies  involved  in  spallation  reactions  therefore  must  be  lO's 
of  MeV  or  greater,  i.e.,  well  above  the  binding  energy  of  the  nucleus.  While 
neutrorrs  are  the  dominant  particle  involved  in  spallation  reactions  in 
terrestrial  rocks,  a  small  percentage  (<  10  %)  of  the  total  production  is  due  to 
spallation  by  secondary  cosrtuc-ray  protons  and  alpha  particles  (Lai,  1991).  The 
total  cosmic-ray  proton  and  neutron  fluxes  are  actually  approximately  equal  at 
high  energies  (>  1000  MeV),  but  die  differential  energy  spectra  of  neutrons 
and  protons  are  very  different  below  this  value.  The  former  shows  a  strong 
increase  with  decreasing  energy  and  the  latter  falls  od  sharply  due  to  proton 
ionization  losses  (Lai  and  Peters,  1967).  Measured  excitation  functions 
("excitation  function"  refers  to  the  relationship  between  nuclear  reaction 
cross  section  and  particle  energy)  for  production  of  cosmogenic  nuclides  by 
protons  and  neutrons  normally  have  a  threshold  energy  at  a  few  tens  of  MeV 
and  reach  roughly  constant  values  near  drat  energy  (e.g.,  Walton  et  al.,  1976; 
Qaim  et  al.,  1982).  Because  these  thresholds  are  at  energies  where  the  neutron 
component  of  cosmic  rays  dominates,  most  of  the  production  is  by  neutrons 
(Lai  and  Peters,  1967).  Furthermore,  because  the  differential  energy  spectrum 
is  exponential,  with  increasing  niunbers  of  particles  with  decreasing  energy, 
most  of  the  spallation-produced  isotopes  are  produced  at  energies  near  the 
threshold  energy. 
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Production  of  cosmogenic  nuclides  by  spallation  in  rocks  should  be 
grossly  dependent  on  rock  composition,  since  it  is  not  possible  to  produce  an 
isotope  heavier  than  the  target  element.  Composition  dependence  also 
results  from  differing  production  cross  sections  in  different  elements. 

Helium  production  by  spallation  has  been  considered  independent  of  rock 
composition  within  broad  limits  of  about  20%  (Kurz,  1986b;  Lai,  1987;  Brook 
and  Kurz,  1993).  This  conclusion  is  supported  by  several  observations.  First, 
^He  measurements  in  olivine  and  clinopyroxene  phenocrysts  horn  the  same 
samples  from  Hawaiian  lava  flows  have  indistinguishable  cosmogenic  ^He 
concentrations  (Kurz,  1986a,b).  Second,  ^He  production  rates  in  chondrites 
show  only  a  weak,  if  any,  compositional  dependence  (Eugster,  1988).  Third, 
^He  ages  in  quartz  sandstones  for  an  Antarctic  moraine  in  the  Dry  Valleys 
region  calculated  with  production  rates  based  on  olivine  phenocrysts  in 
Hawaiian  basalts  (Brook  et  al.,  1993  [Chapter  4J;  Chapter  5)  agree  well  with 
lOse  ages  calculated  with  production  rates  calibrated  in  quartz  in  gladal 
deposits  in  northern  California  (Nishiizumi  et  al.,  1989). 

Lai  (1991)  calculated  ^He  production  rates  in  a  variety  of  common  rock¬ 
forming  elements  (Si,  Mg,  Fe,  O,  and  Al)  that  show  some  slight  compositioiud 
dependences  (Table  2).  His  calculations  are  based  primarily  on  cross-sections 
for  ^He  production  by  protons  and  assumed  values  of  the  cosmic  ray  neutron 
flux.  Cross  sections  for  protons  are  used  because  the  relevant  information  for 
neutron  interactions  is  not  generally  available.  As  a  result,  the  calculations 
have  large  imcertainties,  reported  to  be  25-30  %  or  greater  (Lai,  1991),  but  they 
are  useful  for  examining  relative  production  rates  in  different  materials. 

Table  2  verifies  the  general  conclusion  that  production  rates  do  not  var}' 
greatly  with  rock  composition  in  olivines,  clinopyroxenes,  and  quartz.  The 
most  significant  composition  dependence  in  Table  2  is  a  result  of  the 
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relatively  low  production  rate  in  iron.  The  use  of  production  rates 
determined  from  magnesium-rich  olivines  (e.g.  Kurz,  1986a,b;  Cerling,  1990) 
to  calculate  ^He  exposure  ages  in  quartz  (Brook  and  Kurz  [Chapter  3];  Chapter 
5,  Chapter  6)  is  justified  by  Table  2,  sinc»  predicted  differences  between  ^He 
production  in  Mg2Si04  and  SiC)2  are  less  than  10%  (Table  2). 


Table  2.  Calculated  ^He  production  rates  (at  g"!  yr"^ )  at  sea  level  and  >  60® 
geomagnetic  latitude  in  a  number  of  common  rock  forming  elements  and 
minerals  from  the  elemental  production  rate  dependence  reported  by  Lai 
(1991). 


Target 

Production  Rate 

Mineral 

Production  Rate 

O 

83 

Si02 

74 

Mg 

50 

Mg2Si04 

68 

A1 

47 

Fe2Si04 

50 

Si 

66 

MgSi03 

70 

Fe 

28 

FeSiOs 

56 
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'Tiermal  neutron  capture  may  in  some  cases  also  produce  appreciable 
^He.  ^He  is  produced  by  thermal  neutrons  from  ^Li  via  the  reaction 
^Li(n,a)T-3He  (Morrison  and  Pine,  1955).  Cosmogenic  thermal  neutrons  are 
produced  in  the  atmosphere  and  in  rocks  by  the  thermalization  of  fast 
neutrons  and  by  muon  capture  reactions  (Yamashita  et  al.,  1966;  Lai,  1987). 
The  importance  of  this  production  mechanism  depends  on  the  lithium 
concentration  in  the  rock  and  the  concentrations  of  all  other  elements  that 
absorb  thermal  neutrons.  The  rate  of  ^He  production  by  this  mechanism  is 
given  by  eq.  1: 


P  =  F 


<yu[Lil 

la, [XI, 


(1) 


where  o  is  diermal  neutron  cross  section,  [X]  is  concentration,  and  F  is  the 
thermal  neutron  production  rate.  Helium  production  by  this  mechanism  is 
of  course  dependent  on  rock  composition,  but  does  not  appear  to  be 
signihcant  relative  to  spallation  in  most  rocks  ai  depths  of  less  than  one 
meter  (Kurz,  1986b;  Lai,  1987;  Brook  and  Kurz,  1993  [Chapter  3]). 

Nuclear  interactions  with  muons  (negative  ji-mesons)  produce  a 
number  of  cosmogenic  nuclides.  Muons  are  charged  particles  with  mass  of 
approximately  0.1  times  the  proton  mass.  They  jue  unstable  and  rapidly  decay 
to  an  electron,  neutrino,  and  anti-neutrino.  In  interacting  with  matter  they 
are  captured  by  the  nuclear  coulomb  field  and  rascade  rapidly  to  the  Is  level, 
where  diey  decay  or  are  captured  by  the  nucleus  (Charalambus,  1971).  This 
process  is  represented  by  the  reaction:  p‘+(Z,A)  ->  (Z-1,  A)*+Vp,  where  a 
proton  changes  into  a  neutron.  The  nucleus  remains  in  an  excited  state  and 
typically  de-excites  by  emitting  a  number  of  particles,  usually  neutrons, 
producing  a  (Z-1,A-X)  nucleus,  where  X  is  the  number  of  neutrons  emitted 
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(Charalumbus,  1971).  Muogenic  ^He  can  be  produced  in  a  number  of  ways. 
Direct  muon  capture  reactions  on  Li  produce  very  small  amounts  (less  than  ~ 
lOr^  at  g"l  yr^  at  sea  level)  of  ^He  and  ^He  through  reactions  like:  ^Li(p- 
,3n)3He  or  7Li(p-,4n)3He  (Kurz,  1986b;  Lai,  1987).  These  production  rates  are 
not  significant  in  surface  rocks  (Kurz,  1986b;  Lai,  1987).  Thermal  neutrons 
produced  in  muon  capture  reactions  can  also  produce  ^He  7m  die  thermal 
neutron  reaction  with  Li  described  above  (Lai,  1987;  Chapter  7).  In  addition, 
neutrons  emitted  in  muon  capture  reactions  can  have  energies  above  10  MeV 
(Charalumbus,  1971)  and  calculations  of  Lai  (1987)  suggest  that  they  can  also 
produce  small  quantities  ^He  by  spallation  (see  Chapter  7  for  further 
discussion).  In  general,  the  muon-induced  reactions  do  not  appear  to  be 
important  at  rock  depths  of  less  than  one  meter,  producing  less  than  10  %  of 
the  total  ^He  in  most  common  rocks.  However,  muons  are  weakly 
interacting  particles.  As  described  in  Chapter  7,  muon  stopping  in  rocks  has 
an  exponential  scale  length  of  ~  1700  g  cm"2,  while  neutron  interactions  have 
a  scale  length  of  -  150  g  cm"2.  As  a  result,  with  increasing  depth  the  muon- 
produced  component  should  become  more  important.  This  effect  was 
observed  by  Kurz  (1986b),  who  attributed  anomalously  high  ^He 
concentrations  below  one  meter  in  a  Hawaiian  drill  core  to  production  by 
muons.  Because  of  differences  in  attenuation  for  neutrons  and  muons, 
erosion  of  rock  siu-faces  can  increase  the  importance  of  the  muon-produced 
component  (Kurz,  1986b)  and  anomalous  ^He  depth  profiles  in  Antarctic 
sandstone  bedrock  are  attributed  to  this  effect  in  Chapter  7. 

Small  quantities  of  ^He  are  also  produced  by  natural  radioactivity  in 
the  earth's  crust  as  a  result  of  uranium  and  throrium  decay.  In  the  crust  the 
primary  production  mechanism  is  the  thermal  neutron  reaction  with  ^Li 
described  above  (Morrison  and  Pine,  1955).  In  this  case  the  thermal  neutrons 
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are  indirect  products  of  U  and  Th  decay  due  to  (a,n)  reactions  on  common 
rock-forming  elements.  The  importance  of  this  mechanism  of  ^He 
production  depends  on  U,  Th,  and  Li  concentrations  and  the  thermal  neutron 
absorption  properties  of  the  material  in  question  (e.g.,  equation  1). 

Cosmogenic  ^He  concentrations  can  be  corrected  for  this  "nucleogenic" 
component  in  quartz  using  the  measured  ^He  concentration  and  an  assumed 
nucleogenic  ^He/^He  production  ratio.  This  correction  is  effective  because 
cosmic  rays  do  not  produce  appreciable  amounts  of  ^He  relative  to  the  natural 
quantities  in  most  rocks.  In  the  following  chapters  the  radiogenic  production 
ratio  of  0.011  ±  0.04  x  Ra  (where  Ra  is  the  atmospheric  ^He/^He  ratio) 
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determined  by  Trull  et  al.  (1991)  is  employed  as  a  correction  factor.  As 
discussed  in  Chapter  7  and  in  Brook  and  Kurz  (1993)  [Chapter  3]  there  is  some 
uncertainty  concerning  this  correction  because  the  Li,  U,  and  Th  content  of 
each  sample,  as  well  as  the  total  thermal  neutron  captiu«  cross  section,  are 
not  known.  The  correction  is  in  most  cases  quite  small  (<  1%),  however,  and 
contributes  little  imcertainty  to  exposure  ages.  As  suggested  in  Chapter  3,  in 
uranium  rich  rocks  with  young  exposure  ages  this  ^He  component  could  be 
important. 

and  Production  Mechanisms 

In  terrestrial  surface  rocks  l^Be  and  are  produced  primarily  by 
spallation  of  major  elements.  In  quartz,  the  mineral  in  which  most  in  situ 
l^Be  and  26 Al  measurements  have  been  made,  l^Be  is  produced  primarily  by 
spallation  of  oxygen,  and  26 Al  primarily  by  spallation  of  28si  (Nishiizumi  et 
al.,  1989;  Sharma  and  Middleton,  1989).  Both  nuclides  can  also  be  produced  by 
muon  capture  reactions  (for  example,  160(p-,4p3n)l®Be  and  28si(p- 
,p2n)26Al).  Nishiizumi  et  al.  (1989)  have  calculated  the  relative  contributions 
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of  both  mechanisms.  The  importance  of  the  muon-produced  component 
relative  to  the  spallation  component  changes  with  latitude  and  altitude 
because  the  muon  flux  is  attenuated  differently  than  the  neutron  flux.  The 
altitude  effect  is  most  significant.  Nishiizumi  et  al.  (1989)  estimated  that  at 
3.34  km  altitude,  44  degrees  N  magnetic  latitude,  muons  produce  7%  of  the 
total  26 Al  and  6  %  of  total  l^Be.  At  sea  level  the  proportions  are  17.5  and  15.6 
%,  respectively.  These  estimates  are  theoretical  calculations,  dieir 
imcertainties  are  not  adequately  evaluated,  and  direct  measurent  of  the 
production  rates  by  this  mechanism  will  be  necessary  to  further  constrain 
them. 

Natural  radioactivity  in  the  cru!‘  ‘  can  also  produce  small  quantities  of 
l^Be  and  26 a1.  This  subject  was  re'Hewed  comprehensively  by  Sharma  and 
Middleton  (1989).  The  most  important  reactions  are  2Li(a,p)^®Be, 
23Na(a,n)26Al,  ^Be(n,Y)^®Be,  10B(n,p)l®Be,  and  13C(n,a)l®Be  (Sharma  and 
Middleton,  1989).  Alpha  particles  are  produced  in  uranium  and  thorium 
decay,  and  as  discussed  above,  the  neutrons  involved  in  these  reactions  are 
derived  primarily  from  (a,n)  reactions.  In  crustal  rocks  such  as  granites  and 
sandstones,  ^^Be  production  by  these  mechanisms  is  insignificant,  producing 
equilibrium  concentrations  of  ~10^  at  g~^  at  most.  Calculated  equilibrium 
concentrations  of  26 Al  in  many  common  rock  types  are  significantly  higher, 
up  to  5  X 106  at  g"^  in  granites.  This  concentration  corresponds  to  ~  100  kyr  of 
exposure  at  sea  level,  and  is  therefore  potentially  significant  in  exposure 
dating.  Chapters  5  and  6  discuss  this  issue  further,  and  suggest  the  presence  of 
significant  nudeogenic  26a1  in  some  Antarctic  quartz  samples  with  yoimg 
exposure  ages. 
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Principles  of  Surface  Exposure  Chronology  Using  Cosmogenic  Nuclides 
Introduction 

In  theory,  surface  exposure  ages  are  simply  calculated  from  the 
measured  concentration  of  a  cosmogenic  nuclide  and  its  production  rate.  For 
a  stable  isotope  the  age  (t)  is  simply: 

t=N/P  (2), 

where  N  is  concentration  and  P  is  production  rate.  For  a  radioactive  isotope 
the  age  equation  is; 


where  X  is  the  decay  constant.  The  common  assumptions  of  isotope 
geochronology  are  implicit  in  these  simple  calculations,  which  assume  no 
non-cosmogenic  component  of  the  nuclide  of  interest,  closed  system  behavior 
(no  gain  or  loss  except  due  to  production  and  radiodecay),  and  known  and 
constant  production  rates. 

In  addition,  because  the  exposiire  age  of  the  surface,  rather  than  the  age 
of  the  rock,  is  being  measured,  a  number  of  other  important  issues  must  be 
considered.  These  include  the  possibility  of  snow  or  soil  cover  of  the  surface 
of  interest  in  the  past,  erosion,  and  the  effects  of  shielding  by  surrotmding 
topography.  Production  rates,  the  general  effects  of  erosion,  and  topographic 
shielding,  are  discussed  further  below.  All  of  these  assumptions  are  also 
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discussed  in  die  chapters  that  follow  in  the  context  of  applied  exposure  dating 
problems. 

Because  many  of  these  assumptions  are  sample  dependoit,  care  in 
sample  collection  is  crucial.  In  addition  to  the  assumptions  listed  above,  the 
stability  and  geometry  of  each  sample  must  be  carefully  considered.  Adequate 
understanding  of  each  geological  situation  and  the  potential  pitfalls  of 
exposure  dating  are  necessary,  as  illustrated  by  the  discussions  concerning 
dating  moraine  boulders  in  Chapters  4, 5,  and  6. 

Production  Rate  Calibration 

Calibration  of  absolute  production  rates  is  a  fundamental  problem  in 
cosmogenic  nuclide  research.  Calculations  of  production  rates  using  known 
nuclear  cross  sections,  cosmic  ray  fluxes,  and  rock  compositions  are  possible, 
but  difficult,  because  adequate  information,  including  accurate  cross-sections 
for  neutron  interactions  and  detailed  knowledge  of  the  time-history  of  the 
cosmic  ray  flux  and  energy  spectrum,  are  not  available  (Lai  and  Peters,  1967; 
Lai,  1991).  Calibration  usir^  surfaces  of  known  age  is  the  preferred  method. 
The  major  difficulty  with  this  approach  is  finding  appropriate  surfaces  with 
well-established  ages. 

^He  production  rates  have  been  calibrated  by  two  groups  working 
independently  (Kurz,  1986a,b;  Cerling,  1990;  Kurz  et  al.,  1990).  Kurz  et  al. 
(1990)  reported  production  rates  in  olivine  based  on  ^He  measurements  in 
radiocarbon  dated  lava  flows  from  Hawaii.  Cerling  (1990)  reported 
production  rates  in  olivine  from  a  variety  of  basalt  bedrock  surfaces,  the 
majority  of  the  data  coming  from  a  well-dated  wave-cut  bench  in  the  Provo 
shoreline  of  glacial  lake  Bormeville  in  Utah,  USA  (Cerling,  1990).  Production 
rate  calibration  and  comparison  of  production  rates  is  complicated  by  the 
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altitude  and  latitude  effects  described  below  (see  further  discussion  in  Brook 
and  Kurz  (1993)  [Chapter  3]).  The  measured  rates  do  show  approximate 
agreement,  however.  The  production  rate  of  Cerling  (1990),  recalculated  to 
accoimt  for  the  (Bard  et  al.,  1990)  calibration,  is  398  ±  8  at  g"l  at  1445  m 
altitude.  Scaled  to  sea  level  and  high  latitude  (to  normalize  for  the  effects  of 
the  earth's  magnetic  field)  using  scaling  from  Lai  (1991)  this  rate  is  117  ±  4  at  g~ 
1  yrl.  The  Kurz  et  al  (1990)  production  rate  is  based  on  1^-dated  Hawaiian 
lava  flows  <  2000  years  old  at  different  altitudes;  scaling  it  to  sea  level  and 
high  latitude  using  Lai  (1991)  gives  a  mean  of  178  ±  41  at  g'l  yr^.  The  large 
uncertainty  is  primarily  due  to  the  low  age  of  the  samples  and  resulting  low 
cosmogenic  ^He  concentrations.  Kurz  et  al.  (1990),  however,  also  reported 
several  production  rates  for  samples  between  600  and  15,000  yr  that  varied  by 
a  frictor  of  two.  They  suggested  variability  in  the  earth’s  dipole  moment  as 
one  possible  explanation  for  this  effect.  In  theory,  variations  in  the  magnetic 
field  strength  would  cause  production  rate  variations  because  of  the 
"filtering"  efffect  of  the  field  on  incoming  charged  cosmic  ray  primaries  (see 
Brook  and  Kiuz  (1993)  [Chapter  3]).  Because  of  the  analytical  imcertainties  for 
the  measiirements  in  the  yoimgest  samples  this  potentially  important 
suggestion  is  subject  to  verification.  Therefore,  the  production  rate  based  on 
the  yotmgest  samples  only  is  used  here.  Note  that  at  high  latitudes  (>  50 
degrees  N  or  S)  the  magnetic  field  does  not  affect  cosmic  rays  (Lai  and  Peters, 
1967).  Dipole  moment  variations  should  therefore  not  cause  production  rate 
changes  in  Antarctica. 

To  arrive  at  Antarctic  production  rates  used  in  Chapter  5,  6,  and  7  the 
altitude  and  latitude  scaling  factors  of  Lai  (1991)  were  used  to  scale  the  two  sets 
of  data  to  sea  level  and  high  latitude  (>  60°  N  or  S)  and  the  simple 
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uncertainty-weighted  mean  of  the  two  was  calculated,  giving  118  ±9  at  g"l  yr 
1 

l^Be  and  production  rates  used  in  Chapters  5,  6,  and  7  come  from 
Nishiizumi  et  al.  (1989)  and  are  based  on  measurements  in  glacially  polished 
surfaces  in  the  Sierra  Nevada  Mountains.  At  sea  level  and  high  latitude 
those  rates  are  6  and  37  at  g"!  yfl,  respectively,  with  a  10%  uncertainty  based 
primarily  on  uncertainty  in  the  age  of  the  glacial  event  forming  the  surface 
(Nishiizumi  et  al.,  1989;  Lai,  1991). 

Production  rate  calibration  used  during  the  course  of  this  work  has 
evolved  over  the  past  several  years  and  the  rates  adopted  here  have  changed 
slightly  from  initial  production  rate  calculations  used  in  Brook  and  Kurz 
(1993)  [Chapter  3]  and  Brook  et  al.  (1993)  [Chapter  4].  Those  studies  employed 
^He  production  rates  of  Kurz  et  al.  (1990)  only  and  scaling  from  Ungenfelter 
(1963).  Scaling  the  Kurz  et  al.  (1990)  production  rates  to  sea  level  in  Hawaii 
using  Ungenfelter  (1963)  gives  147  at  gf"!  yr\  and  scaling  that  rate  to  high 
latitude  suggests  a  production  rate  of  191  at  g~l  yr^.  The  altitude  scaling 
based  on  Lingenfelter  (1963)  predicts  a  smaller  increase  in  production  rate 
with  altitude  dum  Lai  (1991),  and  this  effect  offrets  the  decrease  in  production 
rate  caused  by  including  the  lower  rates  from  Cerling  (1991).  For  example, 
Lingenfelter  (1963)  predicts  a  factor  of  1.3  increase  in  the  production  rate 
between  Hawaii  and  Antarctica  and  factor  of  2.3  increase  in  production  rate 
between  sea  level  and  1200  m  (the  approximate  altitude  of  most  of  the  Arena 
Valley  samples).  Lai  (1991),  however,  predicts  a  factor  of  1.5  between  Hawaii 
and  Antarctica  and  3.0  between  sea  level  and  1200  m.  The  differences  between 
the  two  approaches  roughly  cancel  for  samples  at  the  latitude  and  altitude  of 
Arena  Valley  and  therefore  updating  the  production  rates  does  not  change 
any  of  the  conclusions  of  the  earlier  work  (see  further  discussion  of  scaling 
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below).  The  new  calculation  does  predict  signifiomtly  lower  ^He  production 
rates  at  sea  level  in  Antarctica  than  previously  suggested.  Agreement 
between  ^He  and  ages  for  low  altitude  (<  500  m)  Ross  Sea  Drift  samples 
calculated  using  the  production  rates  described  above  (Chapter  6)  suggests  that 
the  new  approach  is  more  accurate. 

Scaling  Production  Rates  for  Altitude  and  Latitude 

Because  of  the  modulating  affects  of  the  earth's  magnetic  held  and 
atmosphere  on  the  cosmic  ray  flux,  production  rates  must  be  scaled  for 
altitude  and  latitude  to  calculate  exposure  ages  (see  Chapter  3  for  further 
details).  Most  workers  in  this  field  have  adopted  the  scaling  factors  published 
by  Lai  and  Peters  (1967)  which  are  based  on  Lai  (1958),  but  summarized  in 
polynomial  form  in  Lai  (1991).  These  polynomials  describe  variations  in 
"nuclear  disintegration  rate"  as  a  function  of  altitude  and  latitude  and  were 
constructed  by  combining  data  from  mobile  neutron  monitors  or  cloud 
chambers  (either  flown  at  one  altitude  and  a  variety  of  latitudes  or  one 
latitude  at  a  variety  of  altitudes)  and  measurements  of  nuclear  disintegration 
rates  or  "star"  production  in  ionization  chambers  and  nuclear  emulsions. 
(Cosmic  ray  "stars"  are  the  results  of  spallation  reactions  in  photographic 
emulsions).  The  construction  of  die  curves  is  described  in  Lai  (1991)  and  Lai 
and  Peters  (1967),  but  the  original  information  is  published  in  most  detail  in 
Lai  (1958). 

The  logic  of  the  construction  of  the  curves  is  as  follows,  derived 
primarily  from  Lai  (1958).  Because  observations  show  that  the  nuclear 
disintegration  rates  measiued  in  nuclear  emulsions  and  cloud  chambers  are 
proportional  to  slow  (<  30  MeV)  neutron  fluxes,  the  much  more  complete 
network  of  mobile  neutron  monitor  data  can  be  used  as  an  index  of  relative 
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production  rate  variations.  Neutron  monitor  data  for  one  altitude  at  a 
number  of  latitudes,  and  altitude  surveys  at  any  one  latitude,  overdetermine 
the  relative  variations  and  are  consistent  (also  see  Lingenfelter,  1963).  Lai 
(1958)  used  star  production  data  to  establish  a  proportionality  between 
neutron  flux  and  low  energy  star  production  rate  for  calculating  production 
rates  of  cosmogenic  nuclides  in  the  atmosphere.  He  defined  low  energy  stars 
as  those  formed  by  particles  with  energies  of  <  ~  400  MeV,  forming  stars  with 
six  prongs  or  less.  Several  corrections  were  made  to  the  star  production  data 
that  are  included  in  the  final  published  curves.  The  number  of  stars  with 
less  than  3  prongs  is  not  well  measured  in  emulsions  and  was  calculated  by 
Lai  (1958)  assuming  an  exponential  relationship  between  number  of  stars  and 
prong  number  for  1  and  2  pronged  stars.  The  slope  of  the  relationship  varies 
with  altitude  and  latitude,  is  only  known  with  a  precision  of  ~  50  %,  and  is 
only  deteimined  in  two  locations.  The  total  correction  is  ~  20  %  of  the  total 
star  production  and  therefore  this  uncertainty  is  small  but  non-trivial. 
Although  most  of  the  cosmogenic  nuclide  production  occurs  below  400  MeV, 
Lai  (1958)  made  an  additional  correction  for  stars  with  7  prongs  or  greater 
using  the  same  exponential  relationship.  According  to  Lai  (1958)  the  high 
energy  stars  make  up  8-30%  of  the  total. 

The  imcertainties  in  the  Lai  (1991)  polynomials  are  hard  to  evaluate, 
and  some  of  the  raw  data  are  not  pid^lished  in  a  readily  available  form. 
However,  given  the  discussion  above,  they  must  be  on  tiie  order  of  10  % 
based  on  the  uncertainty  in  corrections  for  <  3  pronged  stars.  This 
imcertainty,  combined  with  analytical  imcertainties  and  imcertainties  in 
independent  ages  used  for  calibration  of  8-10  %  (e.g,  Lai,  1991),  suggests  a 
rough  estimate  of  present  production  rate  uncertainties  (1-sigma)  of  15  %. 
Additional  uncertainty,  not  explidty  included  in  the  15  %  estimate,  may  be 
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introduced  by  variations  in  scaling  factors  due  to  the  solar  cycle  (Lal,1991; 
Brook  and  Kurz,  1993  [Chapter  3}),  the  correction  for  high  energy  neutroi\s 
described  above,  and  possible  variations  in  the  earth's  magnetic  field  strength 
(Kurz  et  al.,  1990). 

In  summary,  although  the  curves  of  Lai  (1991)  have  been  adopted  by  a 
number  of  workers  in  the  held  as  a  standard,  and  are  readily  available  in 
polynomial  form,  they  are  based  on  older  cosmic  ray  data  and  future  work 
should  attempt  to  verify  and  update  them.  Large  amounts  of  cosmic  ray 
neutron  data  collected  after  1958  are  available  (see,  for  example,  Coxell  et  al., 
1965,  and  Potgeiter  et  al.,  1980),  which  are  consistent  with  the  parameters  used 
by  Lai  (1958).  Attempts  at  verifying  production  rate  variations  with  altitude 
by  measuring  production  rates  in  lava  flows  as  a  function  of  altitude  also 
suggest  that  the  Lai  (1991)  scaling  factors  are  accurate  (Zreda  et  aL,  1992),  but 
more  work  of  this  kind  is  necessary.  Experiments  with  artificial  targets  (e.g., 
Mabuchi  et  al.,  1971;  Kurz  et  aL,  1991)  placed  at  different  locations  should  also 
be  useful  in  this  regard. 

Effects  of  Topographic  Shielding 

Because  the  cosmic  ray  flux  in  the  atmosphere  has  an  angular 
dependence  (e.g.,  Conversi  and  RothweU,  1954),  the  production  rate  of 
cosmogenic  nudides  depends  on  shielding  by  surroimding  topography.  The 
angular  dependence,  based  on  measurements  in  the  atmosphere  with  angle- 
sensitive  neutron  detectors,  has  the  form  sin^(6),  where  x  is  ~2.1-2.6  and  0  is 
the  vertical  angle  between  horizontal  and  the  horizon  (Conversi  and 
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Figure  1.  Effects  of  topographic  shielding  on  cosmogenic  nuclide  production 
rates.  Solid  line  shows  ^e  relationship  between  shielding  angle  (angle 
between  horizontal  and  horizon)  and  normalized  integrated  production  rate. 
The  dashed  line  shows  the  corresponding  correction  factor  for  the  production 
rate.  The  curves  are  numerical  integrations  of  the  sin^-^  (theta)  dependence 
of  production  rate  reported  by  Nishiizumi  et  al.  (1989),  weighted  for  the 
variation  in  solid  angle  with  theta. 
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Rodiwell/ 1954;  Lai  and  Peters,  1%7).  Numerically  integrating  this  function 
over  8=0  to  90  degrees,  accounting  for  the  change  in  solid  angle  over  that 
rai^e,  gives  a  correction  factor  that  can  be  used  to  adjust  the  production  rate 
to  account  for  topographic  shielding  (Fig.  1).  In  practice,  this  curve  would  be 
used  by  measuring  shielding  angles  for  all  topography  surroimding  the 
sample  and  making  the  appropriate  weighted  or  integrated  correction  to  the 
production  rate.  For  angles  <  20-30  degrees  the  correction  is  minor  to 
insignificant  (Fig.  1).  For  all  samples  discussed  in  this  dissertation  the 
correction  is  negligible  and  was  not  applied. 

Depth  Dependence  of  Cosmogenic  Nuclides  in  Rocks  and  Erosion  Effects 

Cosmic  rays  are  attenuated  exponentially  in  rocks  in  the  same  fashion 
as  they  are  in  air.  The  depth  dependence  of  ^He,  l^Be,  and  26^1 
conc&itrations  has  been  meastued  in  several  bedrock  drill  cores  of  1-2  m  by 
Kurz  (1986b);  Brown  et  al.  (1992),  and  during  the  course  of  this  work  (Chapter 
7).  These  studies  show  exponential  depth-dependence  with  a  scale  length 
ranging  from  150-165  g  cm"2,  with  the  exception  of  a  anomolously  long  scale 
length  of  227  ±  14  g  cm"2  observed  for  ^He  in  a  core  described  further  in 
Chapter  7.  This  exponential  factor  is  used  to  normalize  cosmogenic  nuclide 
data  for  the  effects  of  sampling  over  discrete  intervals  and  to  correct  for 
shielding  by  overlying  soil  or  rock  cover.  The  exponential  attenuation  length 
is  also  fundamental  information  needed  to  calculate  erosion  rates  (see  below). 
Depth-profiles  can  also  provide  useful  information  about  production 
mechanisms  of  cosmogenic  nuclides  and  ^He  loss  due  to  diffusion  (Kurz, 
1986b;  Brown  et  al.,  1992  ;;  Chapter  7). 

Because  of  the  attenuation  of  cosmic  rays  by  rocks,  erosion  affects  the 
build-up  of  cosmogenic  nuclides  and  is  an  important  consideration  in 
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exposure  dating.  Assuming  a  constant  erosion  rate  the  concentration  of  a 
cosmogenic  nuclide  can  be  described  by: 


(4), 


where  E  is  erosion  rate  in  g  cm"2  yr"^  and  L  is  the  exponential  attenuation 
coefficient.  Exposure  ages  can  therefore  be  corrected  for  erosion  if  erosion 
rates  can  be  independently  constrained.  The  effect  of  erosion  on  apparent 
exposure  ages  depends  on  the  erosion  rate,  the  half-life  of  the  nuclide,  and  the 
exposure  time  (Fig.  2).  The  top  panel  in  Figure  2  shows  that  exposure  ages  can 
be  significantly  underestimated  if  erosion  rates  are  not  well-constrained.  The 
figure  also  illustrates  that  the  effect  of  erosion  on  the  apparent  age  varies  as  a 
function  of  the  half-life  of  the  nuclide.  Underestimation  of  the  exposure  age 
due  to  erosion  is  most  significant  for  26 a1,  and  least  significant  for  ^He. 

Cosmogenic  nuclides  can  also  be  used  to  determine  erosion  rates  in  a 
model-dependent  way.  At  steady-state  with  respect  to  production  and  radio¬ 
decay  equation  4  reduces  to: 


(5). 


This  behavior  can  also  be  seen  in  Fig.  2.  The  bottom  panel  in  Figure  2 
illustrates  the  effect  of  erosion  on  the  concentrations  of  ^He,  26 a1,  and  ^^Be  as 
a  function  of  time.  Because  concentrations  reach  steady  states  that  depend  on 
the  erosion  rate,  erosion  rates  can  be  calculated  if  steady  state  has  been 
reached.  Without  independent  age  constraint  the  erosion  rate  calculated  this 
way  is  a 


37 


Time  (yr) 


Figure  2.  True  age  plotted  against  apparent  age  (top)  and  concentration 
(bottom)  for  ^He  (solid  lines),  l®Be  (dashed  lines),  and  26 a1  (dot-dashed  lines) 
for  no  erosion  (top  curve  in  each  series),  erosion  rate=  1  x  10"5  g  cm”2  yr"! 
(middle  curve  in  each  series),  and  erosion  rate=l  x  10^  g  cm"2  yr*!  (bottom 
curve  in  each  series).  The  top  figure  shows  how  erosion  can  affect  the 
apparent  exposure  age.  The  bottom  figure  illustrates  the  approach  to  steady 
state  that  allows  calculation  of  erosion  rates.  See  text  for  further  discussion. 
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maximum.  With  two  or  more  isotopes  of  different  half-lives  the  erosion  rate 
can  be  further  constrained  if  both  give  the  same  erosion  rate  (Lai,  1991),  Such 
calculations  have  not  yet  been  employed  in  a  systematic  way  in  application  to 
geologic  problems.  Preliminary  studies,  confirming  low  erosion  rates  in 
Antarctica  (Nishiizumi  et  al.,  1991),  and  investigating  denudation  in 
Venezuela  (Brown  et  al.,  1992b),  are  encouraging.  In  most  of  the  Antarctic 
samples  discussed  here  the  effects  of  erosion  are  not  significant  (see  Chapters 
4, 5,  and  6),  but  in  other  systems  this  may  not  necessarily  be  the  case. 

Summary  of  Existing  Uncertainties  in  Exposure  Age  Dating 

Ccsmogenic  nuclides  have  proven  useful  in  providing  new  constraints 
for  surface  exposure  geochronology.  Future  advances  in  this  field  will  require 
further  understanding  of  isotope  systematics.  The  most  important  issue 
concerns  obtaining  better  constraints  on  production  rates  and  altitude-latitude 
variations  in  production  rates  for  all  significant  production  mechanisms. 

This  absolute  calibration  requires  measuring  cosmogenic  nuclides  in 
independently  well-dated  surfaces.  Lava  flows  and  late  Pleistocene  age 
glacially  eroded  siufaces  are  the  most  promising  candidates.  A  related 
calibration  issue  concerns  the  affects  of  the  earth's  magnetic  field  and 
potential  field  variations  on  production  rates  (e.g.  Kiu-z  et  al.,  1990).  It  will  be 
crucial  to  understand  the  history  and  magnitude  of  these  effects  to  fully 
utilize  cosmogenic  nuclides. 

The  tmcertainties  in  altitude-latitude  scaling  factors  have  not  been 
given  much  attention  by  most  workers  in  this  field  but  they  are  very 
important  in  improving  precision  of  surface  exposure  geochronology. 

Existing  uncertainties  in  the  Lai  (1991)  scaling,  which  is  used  by  most  workers 
in  this  field,  are  at  least  15  %.  This  can  be  improved  by  a  reevaluation  of 
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existing  cosmic  ray  data  and  by  gathering  new  cosmic  ray  data.  An  additional 
way  of  improving  scaling  factors  is  to  place  artihcial  targets  at  various  altitude 
and  latitude  (e.g.,  Mabuchi  et  al.,  1971;  Yokoyama  et  al.,  1977;  Kurz  et  al.,  1991). 

Finally,  further  tmderstanding  of  production  mechanisms  will  be 
necessary  to  fully  utilize  the  potential  of  cosmogenic  nuclides.  Current 
important  problems  related  to  the  work  discussed  in  this  dissertation  include 
further  understanding  the  importance  of  ^He  loss  from  a  variety  of  mineral 
phases  (Chapter  3),  nucleogenic  production  of  ^^Al  and  ^He  (Chapters  5  and 
6),  and  the  importance  of  production  of  all  isotopes  by  muons  (Chapter  7). 

Summary  of  Major  Geological  and  Geochemical  Conclusions 
This  dissertation  concentrates  on  applications  of  cosmogenic  nuclides 
in  Antarctic  glacial  chronology,  where  these  techiuques  are  ideal  due  to  low 
erosion  and  weathering  rates.  In  addition,  because  Antarctic  glacial 
chronology  is  in  many  cases  not  weU  constrained,  uncertainties  in  production 
rates  and  other  issues  of  isotope  systematics  are  not  crucial  to  many  major 
questions. 

Chapters  4, 5,  and  6  describe  several  advances  in  understanding  the 
history  of  Antarctic  giadation  based  on  ^He,  l^Be,  and  measurements  in 
Antarctic  glacial  deposits.  Chapters  3  and  7  discuss  issues  of  ^He,  ^^Be,  and 
^^Al  systematics  relevant  to  exposure  age  dating.  The  major  conclusions  of 
the  work  are  the  following: 

1)  Moraines  in  Arena  Valley,  Antarctica,  deposited  by  the  Taylor  Glacier,  an 
outlet  glacier  of  the  east  Antarctic  Ice  Sheet,  have  exposure  ages  ranging  from 
120  kyr  to  ~  2  m5rr.  ^He  and  l^Be  exposiue  ages  for  the  youngest  of  these,  the 
Taylor  n  moraine,  confirm  suggestions  that  it  was  deposited  during 
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inteigladal  isotope  stage  5  (~120  kyr).  The  dating  supports  the  suggestion  that 
East  Antarctic  outlet  glaciers  advance  during  global  interglacial  periods,  when 
precipitation  rates  increase  in  the  interior  of  East  Antarctica.  Other  moraines 
in  Arena  Valley  cannot  be  placed  in  the  context  of  the  deep  sea  isotope  record 
with  as  much  certainty,  but  Chapter  5  discusses  the  possible  stage  9  (-300-350 
kyr)  or  11  (-  370-440  kyr)  origin  of  the  next  oldest  moraine,  Taylor  HI.  The 
older  moraines  have  climatic  significance,  however,  because  relatively  small 
altitude  differences  (<  200-300  m)  between  the  youngest  and  oldest  deposits  in 
Arena  Valley  suggest  relatively  small  changes  in  outlet  glacier  profiles 
throughout  the  Quaternary  and  late  Pliocene,  £md  by  inference,  relatively 
small  changes  in  the  East  Antarctic  Ice  Sheet.  In  addition,  the 
sedimentological  character  of  all  of  these  deposits  suggests  deposition  by  cold- 
based  ice,  indicating  climate  conditions  similar  to  the  present  in  this  part  of 
Antarctica  throughout  most  of  the  last  -  2myr  (Chapter  5). 

2)  Moraines  and  drift  on  the  coast  of  McMurdo  Sound,  mapped  as  late 
Wisconsin  by  Stuiver  et  al.  (1981),  are  Wisconsin  in  age,  but  ^He  and  ^®Be 
exposure  ages  range  from  8-106  kyr  (Chapter  6).  Chapter  6  suggests  that  the 
apparent  drift  limit,  which  has  been  used  in  reconstructions  of  a  grounded  ice 
sheet  in  McMurdo  Soimd  at  the  late  Wisconsin  glacial  maximiun,  may  not 
strictly  represent  deposition  at  one  time.  The  drift  limit  may  represent 
several  episodes  of  grounding  line  advance  throughout  the  Wisconsin 
period.  Analogous  older  drift,  found  above  the  presumed  late  Wisconsin 
drift  limit,  has  exposure  ages  ranging  from  -100-500  kyr.  The  clear  separation 
between  the  two  groups  of  ages  indicates  that  exposure  age  dating  can  be  used 
to  distinguish  the  two  deposits. 
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3)  Constraints  on  uplift  rates  are  possible  using  cosmogenic  nuclides,  because 
production  rates  are  an  exponential  function  of  altitude.  Chapter  5  uses  this 
eff^  to  constrain  uplift  rates  of  the  Transantarctic  Mountains.  This  analysis 
precludes  controversial  uplift  rates  of  up  to  1  km/myr  over  the  last  3  myr, 
suggested  based  on  biostratigraphic  evidence  from  high  altitude  glacial 
deposits  in  the  Beardmore  Glacier  region  (McKelvey  et  al.,  1991).  Comparison 
of  models  of  the  effects  of  uplift  over  that  time  period  on  ^^Be  concentrations 
with  measurements  in  high  altitude  glacial  deposits  from  the  McMurdo 
Soimd  region  suggests  little  or  no  uplift  during  the  last  3  myr. 

4)  Crushing  quartz  in  vacuo  releases  helium  with  a  wide  range  of  isotopic 
compositions  and  ^He/^He  ratios  up  to  148  Ra  (Chapter  3).  ^He/^He  ratios 
released  by  crushing  roughly  correlate  with  total  ^He  concentrations, 
suggesting  release  of  cosmogenic  helium  during  crushing.  This  indicates  tihat 
corrections  for  non-cosmogenic  helium  cannot  be  made  by  combination  of 
crushing  and  melting  as  is  possible  in  olivine  and  clinopyroxene  in  volcanic 
rocks.  In  addition,  ^He  concentrations  in  replicate  analyses  of  the  same 
samples  vary  significantly,  in  some  cases  by  up  to  a  factor  of  3.  This  variability 
is  attributed  to  extreme  heterogeneity  in  U  and  Th  concentrations  (Chapter  3). 

5)  Comparison  of  ^^Be  and  ^He  ages  and  detailed  study  of  the  dependence  of 
^He  concentrations  on  grain  size  in  quartz  suggest  that  ^He  loss  due  to 
diffusion  significantly  affects  Antarctic  samples  older  fium  ~200  kyr  (Chapters 
3, 4,  and  5).  As  described  in  Chapter  3,  tins  loss  is  significantly  greater  than 
predicted  by  laboratory  experiments  (Trull  et  al.,  1991).  The  reason  for  dus 
discrepancy  remains  unclear.  The  most  likely  explanation,  however,  is  a 
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change  in  the  diffusion  mechanism  at  low  temperahires  that  was  not 
resolved  by  the  experimental  measurements. 

6)  Depth  profiles  of  ^He,  l®Be,  and  26^1  in  two  cores  collected  from  Antarctic 
sandstone  bedrock  (Chapter  7)  confirm  previous  estimates  of  exponential 
production  attenuation  lengths  of  ~150-160  g  cm~2,  with  the  exception  of  an 
anamolously  long  ^He  profile  in  one  core  (attenuation  length  of  227  ±  14  g 
cm'^),  attributed  in  Chapter  7  to  the  combined  effects  of  ^He  production  by 
muons,  ^He  production  by  neutrons,  and  erosion,  over  a  long  (>  10  myr)  time 
period.  Including  loss  due  to  diffusion  in  the  models  of  the  combined  effects 
of  these  processes  suggests,  however,  that  current  estimates  of  ^He  production 
rates  due  to  muon  interactions  are  not  sufficeint  to  explain  the  profile. 
Chapter  7  suggests  that  direct  production  of  ^He  by  spallation  of  major 
elements  in  rocks  by  neutrons  produced  in  muon  capture  reactions  may 
produce  more  ^He  than  previous  calculations  (Lai,  1987)  indicate. 


43 


References 


Anthony,  E.  Y.,  and  Poths,  J.  (1992).  ^He  surface  exposure  dating  and  its 
implications  for  magma  evolution  in  the  Potrillo  volcanic  field. 
Geochitnica  et  Cosmochimka  Acta  56(11),  4105-4108. 

Bard,  E.,  Hamelin,  B.,  Fairbanks,  R.  G.,  and  Zindler,  A.  (1990).  Calibration  of 
the  timescale  over  the  past  30,000  years  using  mass-spectrometric  U-Th 
ages  from  Barbados  corals.  Nature  345, 405-410. 

Brook,  E.  J.,  and  Kurz,  M.  D.  (1993).  Surface  exposure  chronology  using  in  situ 
cosmogenic  ^He  in  Antarctic  quartz  sandstone  boulders.  Quaternary 
Research  39,  1-10. 

Brook,  E.  J.,  Kurz,  M.  D.,  Ackert,  R  P.,  Denton,  G. .,  Brown,  E.  T.,  Raisbeck,  M., 
and  Yiou,  F.  (1993).  Chronology  of  Taylor  Glacier  Advances  in  Arena 
Valley,  Antarctica,  using  in  situ  cosmogenic  ^He  and  i^Be.  Quaternary 
Research  39,  11-23. 

Brown,  E.,  Edmond,  J.  M.,  Raisbeck,  G.  M.,  Yiou,  F.,  Kurz,  M.,  and  Brook,  E.  J. 
(1991).  Examination  of  surface  exposure  ages  of  Antarctic  moraines  using 
in-situ  produced  ^°Be  and  26 a1.  Ceochimica  et  Cosmochimica  Acta  55, 
2269-2283. 

Brown,  E.  T.,  Brook,  E.  J.,  Raisbeck,  G.  M.,  Yiou,  F.,  and  Kurz,  M.  D.  (1992a). 
Effective  attenuation  lengths  of  cosmic  rays  producing  '^Be  and  26 A1  in 
quartz:  Implications  for  exposure  dating.  Geophysical  Research  Letters 
19(4),  367-372. 

Brown,  E.  T.,  Stallard,  R.  F.,  Raisbeck,  G.  M.,  and  Yiou,  F.  (1992b). 
Determination  of  the  denudation  rate  of  Mount  Roraima,  Venezuela, 
using  cosmogenic  i^Be  and  26A1.  EOS  73(43),  170. 

Cerling,  T.  E.  (1990).  Dating  geomorphological  surfaces  using  cosmogenic  ^He. 
Quaternary  Research  33,  148-156. 

Charalumbus,  S.  (1971).  Nuclear  transmutation  by  negative  stopped  muons 
and  the  activity  induced  by  the  cosmic  ray  muons..  Nuclear  Physics  A166, 
145-161. 

Conversi,  M.,  and  Rothwell,  P.  (1954).  Angular  distributions  in  cosmic  ray 
stars  at  3500  meters.  II  Nuovo  Cimento  XII(2),  191-210. 


44 


Coxell,  Hv  Pomerantz,  M  A.,  and  Agarwal,  S.  P.  (1965).  Survey  of  cosmic-ray 
intensity  in  the  lower  atmosphere.  Journal  of  Geophysical  Research  71(1), 
143-45. 

Davis,  R,  and  Schaeffer,  O.  A.  (1956).  Chlorine-36  in  nature.  Annals  of  the 
New  York  Academy  of  Sciences  62,  107-121. 

Eugster,  O.  (1988).  Cosmic-ray  production  rates  for  ^He,  ^iNe,  ^Ar,  83Kr,  and 
in  chondrites  based  on  ®iKr-Kr  exposure  ages.  Geochimica  et 
Cosmochimica  Acta  52(6),  1649-1662. 

Fink,  D.,  Middleton,  R,  Klein,  J.,  and  Sharma,  P.  (1991).  ^^Ca;  Measurement 
by  accelerator  mass  spectrometry  and  applications.  Nuclear  Instruments 
and  Methods  in  Physics  Research  B47,  79-96. 

Graf,  T.,  Kohl,  C.  P.,  Marti,  K,,  and  Nishiizumi,  K.  (1991).  Cosmic-ray 
produced  neon  in  Antarctic  rocks.  Geophysical  Research  Letters  18(2),  203- 
206. 

Grosse,  A.  V.  (1934).  An  unknown  radioactivity.  American  Chemical  Society 
Journal  56,  1922-1924. 

Jull,  T.,  Wilson,  A.  E.,  Burr,  G.  S.,  Toolin,  L.  J.,  Donahue,  D.  J.,  and  Lai,  D. 
(1993).  Measurements  of  cosmogenic  ^^C  produced  by  spallation  in  high 
altitude  rocks.  Radiocarbon  34(3)  ^7-744. 

Kurz,  M.D.  (1986a).  Cosmogenic  helium  in  a  terrestrial  igneous  rock.  Nature 
320  (6061),  435-439. 

Kurz,  M.  D.  (1986b).  In  situ  production  of  terrestrial  cosmogenic  helium  and 
some  applications  to  geochronology.  Geochimica  et  Cosmochimica  Acta 
50, 2855-2862. 

Kurz,  M.  D.,  Colodner,  D.,  Trull,  T.  W.,  Moore,  R.  B.,  and  O'Brien,  K.  (1990). 
Cosmic  ray  exposure  dating  with  in  situ  produced  cosmogenic  ®He:  Results 
from  yotmg  lava  flows.  Earth  and  Planetary  Science  Letters  97,  177-189. 

Kiurz,  M.  D.,  Brook,  E.  J.,  and  Ackert,  R  P.  (1991).  Suface  exposure  dating  of 
Antarctic  glacial  deposits.  Antarctic  Journal  of  the  United  States  26(5),  85- 
86. 

Kurz,  M.  D.,  and  Brook,  E.  J.  (1993).  Surface  exposure  dating  with  cosmogenic 
nuclides  (1993).  In  Dating  in  a  Surface  Context  (Beck,  C.,  Ed.),  University  of 
New  Mexico  Press,  in  press. 


45 


Lai,  D.  (1958).  Investigations  of  nuclear  interactions  produced  by  cosmic  rays. 
Ph.D.  dissertation,  Tata  Institute  of  Fundamental  Research,  Bombay,  India. 

Lai,  D.  (1987).  Production  of  ^He  in  terrestrial  rocks.  Chemical  Geology 
(Isotope  Geoscience  Section)  66,  89-98. 

Lai,  D.  (1991).  Cosmic  ray  labeling  of  erosion  surfaces:  In  situ  nuclide 
production  rates  and  erosion  models.  Earth  and  Planetary  Science  Letters 
104^424439. 

Lai,  D.,  and  Peters,  B.  (1967).  Cosmic  ray  produced  radioactivity  on  the  earth. 
In  Handbuch  der  Physic  (S.  Flugge,  Ed.),  pp.  551-612,  Springer-Verlag,  New 
York. 

Lingenfelter,  R.  E.  (1963).  Production  of  carbon-14  by  cosmic  ray  neutrons. 
Reviews  of  Geophysics  1(1),  35-55, 

Mabuchi,  H.  Y.,  Gensho,  Y.,  Wada,  Y.,  and  Hamaguchi,  H.  (1971). 
Phosphorous-32  induced  by  cosmic  rays  in  laboratory  chemicals. 
Geochemical  Journal  4,  105-110. 

McKelvey,  B,  C.,  Webb,  P.  N.,  Harwood,  D.  M.,  and  Mabin,  M.  C.  G.  (1990). 
The  Dominion  Range  Sirius  Group:  a  record  of  the  late  Pliocene-early 
Pleistocene  Beardmore  Glacier.  In  Geological  Evolution  of  Antarctica 
(Thomson,  M.  R  A.,  Crame,  J.  A,,  and  Thomson,  J.  W.,  Eds.),  pp.  675-682, 
Ceunbridge  University  Press,  New  York. 

Morrison,  P.,  and  Pine,  J.  (1955).  Radiogenic  origin  of  the  helium  isotopes  in 
rock.  Annals  of  the  New  York  Academy  of  Sciences  62,  71-92. 

Nishiizumi,  K.,  Winterer,  E.  L.,  Kohl,  C,  P.,  Klein,  J.,  Middleton,  R.,  Lai,  D., 
and  Arnold,  J.  R  (1989).  Cosmic  ray  production  rates  of  ^^Be  and  “Al  in 
quartz  from  glacially  polished  rocks.  Journal  of  Geophysical  Research 
94(B12),  17,907-17,915. 

Nishiizumi,  K.,  Kohl,  C.  P.,  Arnold,  J.  R,  Klein,  J.,  Fink,  D.,  and  Middleton,  R 
(1991).  Cosmic  ray  produced  and  ^^Al  in  Antarctic  rocks:  exposure  and 
erosion  rates.  Earth  and  Planetary  Science  Letters  104,  440454. 

Phillips,  F.  M.,  Zreda,  M.  G.,  Smith,  S.  S.,  Elmore,  D.,  Kubik,  P.  W.,  Dorn,  R  L, 
and  Roddy,  D.  J.  (1991).  Age  and  geomorphic  history  of  Meteor  Crater, 
Arizona,  from  Cosmogenic  36C1  and  i^C  in  rock  varnish.  Geochimica  et 
Cosmochimica  Acta  55,  2695-2698. 


46 


Phillips,  F.  M.,  Zreda,  M.  G.,  Smith,  S.  S.,  Elmore,  D.,  Kubik,  P.  W.,  and 
Sharma,  P.  (1990).  Cosmogenic  chlorine-36  chronology  from  glacial 
deposits  at  Bloody  Canyon,  eastern  Sierra  Nevada.  Science  248, 1529-1532. 

Pomerantz,  M.  (1971).  Cosmic  Rays,  Van  Nostrand  Reiidiold,  New  York, 

Poreda,  R.  J.,  and  Cerling,  T.  E.  (1992).  Cosmogenic  neon  in  recent  lavas  from 
the  western  United  States.  Geophysical  Research  Letters  19(18),  1863-1866. 

Potgeiter,  M.  S.,  Moraal,  H.,  Raubenheimer,  B.  C.,  and  Stoker,  P.  H.  (1980). 
Modulation  of  cosmic  rays  during  solar  miiumum.  Part  3.  Comparison  of 
the  latitude  distributions  for  the  periods  of  solar  minimum  during  1954, 
1956,  and  1976.  South  African  Journal  of  Physics  3(3/4),  90-94. 

Qaim,  S.M.,  Wolfe,  R.,  and  Liskien,  H.  (1982).  Exitation  functions  of  (n,t) 
reactioi\s  on  27^1, 59Co,  and  Physical  Review  C  25(1),  203-207. 

Sharma,  P.,  and  Middleton,  R.  (1989).  Radiogenic  production  of  i^Be  and  ^^Al 
in  uranium  and  thorium  ores:  implications  for  studying  terrestrial 
samples  containing  low  levels  of  i®Be  and  26a1.  Geochimica  et 
Cosmochimica  Acta  53,  709-716. 

Shen,  B.  S.  P.  (1976).  Introduction:  Spallation  reactions  and  their  occurences. 
In  Spallation  Nuclear  Reactions  and  Their  Applications  (Shen,  B.  S.  P. 
and  Merker,  M.,  Eds.),  D.  Reidel  Publishing,  Bostoit 

Staudacher,  T.,  and  Allegre,  C.  J.  (1991).  Cosmogenic  neon  in  ultramafic 
nodules  from  Asia  and  in  quartzite  from  Antarctica.  Earth  and  Planetary 
Science  Letters  106,  87-102. 

Stuiver,  M.,  Denton,  G.  H.,  Hughes,  T.  J.,  and  Fastook,  J.  L.  (1981).  History  of 
the  marine  ice  sheet  in  West  Antarctica  during  the  last  glaciation:  A 
working  hypothesis.  In:  The  Last  Great  Ice  Sheets  (Denton,  G.  H.,  and 
Hughes,  T.  J.,  Eds.),  pp.  319-436,  Wiley-Intersdence,  New  York. 

Trull,  T.  W.,  Kurz,  M.  D.,  and  Jenkins,  W.  J.  (1991).  Diffusion  of  cosmogenic 
^He  in  olivine  and  quartz:  Implications  for  surface  exposure  dating.  Earth 
and  Planetary  Science  Letters  103,  241-256. 

Walton,  J.  R.,  Heymann,  D.,  Yaniv,  A.,  Edgerley,  D.,  and  Rowe,  M.  W.  (1976). 
Cross-sections  for  He  and  Ne  isotopes  in  natural  Mg,  A1  and  Si,  He 
isotopes  in  CAF2,  Ar  isotopes  in  natural  Ca,  and  radionuclides  in  natural 
Al,  Si,  Ti,  Cr,  and  stainless  steel  induced  by  12  to  45  MeV  protons.  Journal 
of  Geophysical  Research  81(32),  5689-5699. 


47 


Yamashita,  M.,  Stephans^  L.  D.,  and  Patterson^  H.  W.  (1966).  Cosmic-ray 
produced  neutrons  at  ground  level:  neutron  flux  rate  and  flux 
distribution.  Journal  of  Geophysical  Research  71,  3817-3834. 

Yokoyama,  Y.,  Reyss,  J.,  and  Guichard,  F.  (1977).  Production  of  radionuclides 
by  cosmic  rays  at  moimtain  altitudes.  Earth  and  Planetary  Science  Letters 
36,44-56. 

Zreda,  M.  K.,  Phillips,  F.  M.,  Elmore,  D.,  Kubik,  P.  W.,  Shanna,  P.,  and  I>om, 
R.  I.  (1991).  Cosmogenic  chlonne-36  production  rates  in  terrestrial  rocks. 
Earth  and  Planetary  Science  Letters  105,  94-109. 


48 


Chapter  2 

Analytical  Methods 


Helium  Isotope  Measurements 

Sample  Processing 

Samples  for  helium  isotope  measurements  were  in  most  cases  hand¬ 
picked  grains  of  olivine  or  quartz  of  various  size  fractions.  Rock  samples 
were  crushed  in  a  manganese  steel  jaw  crusher,  and  sieved  in  polyester  or 
stainless  steel  sieves.  In  most  cases  the  0.5-1  or  1-2  mm  size  fraction  was 
analyzed,  although  a  wider  range  of  size  fractions  (0.45-2  mm)  were  analyzed 
during  experiments  described  in  Brook  and  Kurz  (1993)  [Chapter  3]  that 
examined  the  grain-size  dependence  of  ^He  concentrations. 

Grains  were  picked  from  the  sieved  fractions  under  a  binocular 
microscope.  For  quartz  samples,  whole  quartz  grains,  rather  than  cemented 
multi-grain  aggregates,  which  are  very  common  in  sieved  fractions,  were 
picked  unless  noted.  For  ^He  analysis  in  olivine,  intact  grains  free  of  surface 
contamination  and  adhering  grouundmass  were  picked.  All  grains  were 
rinsed  with  distilled  water  and  cleaned  ultrasonically  in  acetone,  methanol, 
and  ethanol.  Where  surface  contammation  (primarily  iron  and  manganese 
oxides)  was  sigiuficant  grains  were  first  cleaned  ultrasonically  in  0.1  N  HCl  or 
HNO3. 

Helium  Isotope  Mass  Spectrometry 

Helium  isotope  concentrations  and  ^He/^He  ratios  were  measured  at 
WHOI  using  the  extraction  line  and  mass  spectrometer  locally  referred  to  as 
''MS2."  This  system  has  been  described  before  (Kurz  1982;  Kurz  et  aL  1987; 
Trull,  1989),  but  pertinent  information  is  summarized  here.  The  mass 
spectrometer  is  an  all-steel,  25.4  cm  radius,  90  degree  sector  electromagnet, 
branch-tube  design,  with  a  faraday  cup  and  electron  multiplier  for  detecting 


^He  and  ^He,  respectively.  MS2  has  an  external  source  electromagnet  and 
modified  Nier-type  ion  source.  The  extraction  line  is  an  all-steel,  two-stage 
cryogenic  system  constructed  in  the  WHOI  laboratory  (Lott  and  Jenkins,  1984). 
The  line  and  mass  spectrometer  are  automated  and  controlled  by  a  DEC 
PDPll/73  computer. 

Gas  Release 

Gases  are  liberated  from  the  samples  in  two  ways.  Mineral  grains  can 
be  crushed  in  vacuo  in  stainless  steel  tubes  ("crushers")  attached  directly  to 
the  extraction  line.  The  samples  are  placed  in  the  bottom  of  the  tube,  on  top 
of  a  removable,  reusable,  stainless  steel  disk  that  protects  the  tube  bottom.  A 
magnetic  steel  cylinder  is  placed  above  the  sample,  and  crushes  die  samples 
when  moved  up  and  down  by  three  computer  controlled  electromagnetic 
coils  placed  around  the  outside  of  the  crusher  vessel.  Crushing  40  times 
normally  reduces  quartz  and  olivine  grains  of  up  to  2  mm  diameter  to 
particles  less  than  0.1  nun  diameter. 

Samples  can  also  be  heated  and  melted  in  an  ultra  high  vacuum 
resistively  heated  furnace  with  a  tantalum  crucible,  also  connected  direcdy  to 
the  extraction  line.  The  furnace  is  a  double-vacuum  design,  heated  by  a 
tungsten-mesh  heating  element  outside  die  crucible,  within  a  secondary 
vacuum  system  pumped  by  an  oil  division  pump.  The  secondary  vacuum 
and  extraction  line  are  isolated  from  each  other  and  from  outside  air  by  a 
double  gold  Oring  flange  at  the  top  of  die  crucible.  Water  cooled  electrical 
feed-throughs  provide  power  through  the  bottom  flange  of  the  furnace. 
Samples  are  introduced  into  the  crucible  via  a  rotating  "6-shooter"  or  "10- 
shooter"  device  which  consists  of  a  dat  stainless  steel  cylinder  with  drilled 
holes  that  hold  the  samples.  The  cylinder  rotates  around  a  bushing  in  a 
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stainless  steel  Conflat^*^  flange,  and  is  operated  by  a  rotary  motion  feed¬ 
through.  The  mechanism  is  rotated  until  the  desired  sample  is  over  a  hole  in 
the  flange,  directly  above  the  crucible,  and  dropped  in  the  hot  zone.  The 
flange  containing  the  rotation  mechanism,  and  another  flange  below  it,  are 
cooled  by  water  flowing  through  aluminum  flange  jackets  that  thermally 
isolate  the  samples  from  the  furnace  hot  zone.  Granular  samples  can  be 
loaded  directly  into  the  sample  holes  in  the  "6-shooter”  or  "10-shooter" 
mechanism,  and  powdered  samples  are  normally  weighed  into  aluminum 
foil  sample  holders  ("boats")  that  fit  in  the  holes.  No  detectable  excess  blank 
is  contributed  by  the  aluminum  boats.  Power  to  the  heating  element  is 
supplied  from  a  variable  transformer  feeding  a  step-down  transformer. 
Furnace  temperatures  are  calibrated  by  measuring  the  power  (voltage  x 
current)  through  the  heating  element  while  measuring  temperature  in  the 
bottom  of  the  crucible  with  an  optical  pyrometer,  through  a  pyrex  window. 
During  the  work  described  here  the  normal  practice  was  to  completely  melt 
olivine  or  quartz  samples  at  an  applied  power  of  ~  2700  watts,  which 
corresponds  to  ~  1600®  C.  Nvimerous  furnace  blanks  at  this  and  higher 
temperatures,  before  and  after  analyzing  samples,  indicated  that  this 
temperature  was  sufficient  to  completely  release  all  heliiun  from  the  samples. 

Gas  Processing 

The  gas  extraction  line  consists  of  a  gettering  system  and  two  stage 
cryogenic  gas  separation  system  (Fig.  1)  described  by  Lott  and  Jenkins  (1984). 
The  line  is  constructed  of  3/4  inch  stainless  steel  tubing  and  all  valves  are 
pneumatically  activated  and  controlled  by  the  computer.  Released  gases  are 
first  exposed  to  two  titanium  sponge  getters,  one  held  at  a  800°  C  and  the 
other  at  room  temperature  to  sorb  H2-  Remaiiung  gases  are  then  exposed  to  a 
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Figure  1.  Diagram  of  noble  gas  extraction  line  used  for  helium  isotope  mass 
spectrometry  of  rock  samples.  IP=ion  piunp,  RGA=rare  gas  analyzer, 
^Q’=mechanical  pump,  DP=diffusion  pump,  EM=electron  multiplier, 
FC=faraday  cup,  LTCT=low  temperature  cryogenic  trap,  HTCT=high 
temperature  cryogenic  trap,  Ti=tit?nium  sponge  getter,  SAES=zirconium- 
aluminum  gette. 


53 


Zr-Al  SAES™  getter  for  further  purification  and  removal  of  H2.  The  helium 
content  of  a  small  aliquot  of  the  sample  gas  is  analyzed  by  a  VG  Ratiomatic 
quadropole  mass  spectrometer  and  this  measurement  is  used  to  determine 
how  much  of  the  sample  is  inlet  to  the  cryogenic  system  and  mass 
spectrometer.  The  purpose  of  this  step  is  to  limit  the  amount  of  helium 
actually  in  the  mass  spectrometer  because  previous  work  has  shown  that 
measured  ^He/^He  ratios  can  be  affected  by  sample  size  (Kurz,  1982;  Trull, 
1989).  This  step  also  avoids  "memory”  effects  from  large  samples.  The 
samples  are  split  automatically  by  the  computer  program  controlling  the 
extraction  Une,  and  the  fraction  of  the  sample  inlet  is  calibrated  by  splitting  air 
standards  of  known  helium  concentration.  At  this  point  the  remaining  gases 
are  exposed  to  a  stainless  steel  frit  at  26'*  K  and  then  a  charcoal  trap  at  less  than 
16°  K.  Both  traps  are  cooled  by  a  single  helium  compressor.  The  charcoal  trap 
is  warmed  to  a  nominal  temperature  of  36°  K  to  release  helium  to  the  mass 
spectrometer,  while  retaining  neon.  The  temperatures  of  the  traps  are 
measured  with  a  silicon  diode  (charcoal  trap)  and  thermocouple  (stainless 
steel  frit).  In  practice,  because  temperature  calibration  of  the  sensors  is  not 
absolute,  the  optimum  release  temperature  for  helium  is  determined 
experimentally  by  measuring  helium  and  neon  while  warming  the  trap. 

After  sample  inlet  both  traps  are  heated  to  approximately  65°  K  and 
remaining  trapped  gases  are  pumped  away  by  ion  pumps. 

Helium  concentration  and  isotope  ratio  measurements  are 
standardized  by  comparison  with  air  standards.  Air  standards  are  collected  in 
a  calibrated,  stainless-steel  standard  volume  at  known  temperature,  pressure, 
and  relative  humidity,  and  expanded  into  one  of  two  large  stainless  steel 
tanks.  During  the  expansion  reactive  gases  are  trapped  on  charcoal  at  liquid 
nitrogen  temperatures.  Standards  are  always  collected  at  the  same  location 
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(Vineyard  Sound  beach  at  the  WHOI  Quisset  Campus).  Small  aliquots  of  the 
large  air  standard  are  used  as  daily  running  standards  and  inlet  to  the 
extraction  line  via  two  aliquoting  valves.  The  primary  standard  during  this 
work  was  approximately  l.d-1.7  x  10®  cm®  STP  He.  Ihe  exact  value  is 
determined  to  approximately  0.05  %  and  is  dependent  on  the  temperatiue, 
pressure,  and  humidity  during  collection  of  the  standard.  The  isotopic  ratio  of 
air  is  assumed  to  be  constant  at  ^He/^He  =  1.384  x  10^  (Clarke  et  al.,  1976).  A 
total  of  48  samples,  standards,  and  blanks  can  be  processed  in  a  typical  daily 
run. 

Mass  Spectrometry 

Samples  are  inlet  to  the  mass  spectrometer  for  30s  and  the  instrument 
is  operated  in  static  mode.  The  ^He  beam  is  measured  with  a  faraday  cup 
(resolution  of  1;230)  and  the  ®He  beam  is  measured  with  a  Johnston 
Laboratories  focused  mesh  electron  multiplier  (slit  set  for  a  resolution  of 
1:650).  The  latter  resolution  is  sufficient  to  completely  resolve  the  HD  peak 
from  ®He.  During  analysis,  the  acceleration  voltage  is  adjiisted  to  switch  the 
peaks,  while  the  magnetic  field  remains  constant.  At  the  beginning  of  each 
analysis  the  mass  spectrometer  centers  the  HD'*'  peak  on  the  electron 
multiplier,  then  steps  the  voltage  to  meeisure  ®He  and  ^He.  The  ®He  peak  and 
baseline  are  measiured  15  times  wd  at  the  same  time  the  ^He  peak  height  is 
measured  on  the  faraday  cup.  The  ^He  baseline  is  measured  at  the  beginning 
of  the  cycle,  before  inlet,  because  the  ^He  beam  creates  secondary  electrons 
that  interfere  with  baseline  measurements.  The  electron  multiplier  is 
operated  in  analog  mode  and  the  ®He  and  ^He  peaks  are  integrated  for  56s, 
while  the  baseline  measurement  is  integrated  for  14  s.  The  ^He  baseline  is 
integrated  for  25s. 
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^He  peak  heights  and  ^He/^He  ratios  are  calculated  for  each 
measurement  by  fitting  a  straight  line  to  the  15  integrations  of  the  ^He  peak 
and  extrapolating  to  the  time  of  inlet.  ^He/^He  ratios  are  calculated  by 
extrapolating  the  ^He/^He  ratio  of  each  integration  to  inlet  time  in  the  same 
fashion.  This  extrapolation  is  necessary  due  to  depletion  of  the  sample 
during  analysis  and  grow-in  of  backgroimd. 

Helium  blanks  during  the  course  of  this  work  ranged  from  2-3  x 
cm^  STP  ^He.  The  isotopic  ratio  of  any  individual  blank  is  not  well 
determined,  but  long  term  averages  are  of  approximately  atmospheric 
composition.  This  suggests  that  the  blank  is  most  likely  due  to  small 
atmospheric  leaks  in  the  extraction  line  and  mass  spectrometer  through 
copper  gasket  mini-Conflat^**  and  VCR™  seals.  In  practice,  the  blank  levels, 
which  are  quite  low  compared  to  other  laboratories,  are  the  ultimate 
analytical  limit. 

In  a  typical  day,  15  to  20  primary  air  standards,  10  to  15  blanks,  and 
several  samples  are  run.  Sample  helium  concentrations  and  isotope  ratios 
are  calculated  based  on  daily  means  of  helium  concentrations  and  isotope 
ratios  of  standards  and  blanks.  Uncertainty  in  any  individual  analysis  is  a 
combination  of  uncertainties  in  extrapolating  to  time  of  inlet  and  the 
variability  of  the  air  standards  over  the  course  of  the  day.  Reproducibility  of 
daily  air  standard  ^He  concentration  and  ^He/^He  ratio  were  generally  0.2-0.6 
%  and  1-1.5  %,  respectively  (1-sigma),  prior  to  December  1992.  The  precision 
improved  to  generally  0.1  %  for  the  air  size  and  <  1%  for  the  ratio  after 
December  1992,  apparently  due  to  more  efficient  ion  source  cleaning.  Blank 
corrections  are  made  using  the  average  ^He  concentration  of  the  blank  and  an 
assiuned  atmospheric  ^He/^He  ratio.  For  almost  all  of  the  samples  described 
in  this  thesis  blank  corrections  were  minor  (<  1-2  %). 
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Reproducibility  of  Helium  Isotopic  Composition  of  Standard  Rocks 

Over  the  course  of  this  work  several  rock  samples  were  measured  in 
replicate  as  a  check  on  the  long  term  reproducibility  of  helium  isotope 
measurements.  A  mid-ocean  ridge  basalt  glass,  ALV892-la,  chosen  for  it's 
very  low  vesicularity,  is  used  as  a  primary  furnace  standard  in  the  laboratory. 
21  measurements  (Table  1)  yielded  a  mean  concentration  of  8.78  ±  0.19  x  10~^ 
cm3  STP  g"l  ^He  with  a  ^He/^He  ratio  of  8.27  ±  0.14  x  Ra  (both  uncertainties 
are  one  standard  deviation;  Ra  is  the  atmospheric  ^He/^He  ratio).  No 
discernible  trend  in  either  the  helium  concentration  or  isotope  ratio  with 
time  is  evident. 

Two  quartz  samples  were  also  measured  in  replicate  over  several  years 
(Table  1).  Sample  SCW8-4-1  is  a  500-710  micron  sieved  fraction  of  an 
Antarctic  quartzite  collected  in  1987  from  the  Taylor  11  moraine  in  Arena 
Valley,  in  the  Transantarctic  Moimtains.  This  sample  has  a  ^^Be  e)q>osure  age 
of  approximately  350  kyr  (Chapter  5).  BW84-105  is  a  500-1000  micron  sieved 
fraction  of  sample  horn  the  Taylor  IVb  moraine  in  the  same  valley  and  has 
l^Be  exposure  ages  of  approximately  2  myr.  This  sample  was  used  for 
diffusion  studies  by  (Trull  et  al.  1991).  As  discussed  by  (Brook  and  Kurz,  1993 
[Chapter  3]),  and  in  Chapter  2,  ^He  concentrations  in  replicate  quartz  analyses 
vary  significantly,  in  some  cases  by  up  to  a  factor  of  3  (see  Table  1).  This 
variability  is  not  an  analytical  artifact  but  reflects  a  real  variability  in  the 
quartz  grains,  presumably  due  to  heterogeneous  uranium  and  thorium 
concentrations.  In  quartz  samples  with  significant  concentrations  of 
cosmogenic  ^He,  however,  ^He  concentrations  are  reproducible  (one  standard 
deviation)  within  9.1  %  (BW84-105)  and  7.5  %  (SCW87-4-1).  The  better 
reproducibility  for  SCW87-4-1  is  likely  to  be  due  to  the  restricted  size  hraction. 
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since  previous  work  has  shown  that  helium  concentrations  can  be  size 
dependent  in  quartz  due  to  difhisive  loss  (Brook  and  Kurz,  1993). 


^^Be  and  Measurements 

^^Be  and  26 a1  were  measiued  in  collaboration  with  Grant  Raisbeck, 
Francoise  Yiou,  and  Erik  Brown  at  the  2  MV  Tandetron  Accelerator  Mass 
Spectrometry  (AMS)  Facility  at  Gif-sur-Yvette,  France.  AMS  ^^Be  and  26 a1 
measurements  with  this  instrument  have  been  described  previously 
(Raisbeck  et  al.  1984;  Raisbeck  et  al.  1987;  Bourles  1988;  Brown  et  al.,  1990),  and 
an  additional  overview  of  chemical  processing  and  measurement  procedures 
is  provided  below.  The  principles  and  advantages  of  accelerator  mass 
spectrometry  have  also  been  described  in  detail  before  (see  particularly  a 
review  by  Elmore  and  Phillips  (1987)  and  references  therein)  but  a  review  of 
pertinent  information  is  provided  here. 

Sample  Processing 

Samples  were  either  quartz  sandstones  or  quartz-bearing  metamorphic 
or  granitic  rocks.  Samples  sizes  varied,  but  were  chosen  to  give  a  final 
quantity  of  approximately  10^  atoms  of  l®Be  in  the  final  target  material.  This 
normally  also  yields  between  3  and  6  x  10^  atoms  of  26 Al  in  terrestrial  surface 
exposure  samples.  Contamination  by  produced  in  the  atmosphere  is  a 
potential  problem  in  surface  exposure  studies  (Brown  et  al.,  1991;  Nishiizumi 
et  al.  1989)  and  leaching  procedures  used  were  designed  to  prevent  this 
contamination.  Quartz  sandstone  samples  were  sieved  and  in  most  cases  the 
0.5-1.0  mm  size  fraction  was  used  for  analyses  to  eliminate  smaller  grains  that 
could  have  higher  concentrations  of  surface  contaminant  ^^Be.  In  some 
cases,  where  this  material  was  not  available,  smaller  (down  to  0.1  mm)  or 
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larger  (up  to  1  mm)  size  fractions  w«e  also  used.  Samples  of  well'lithified 
massive  quartz  (cobbles  or  boulders  containing  extremely  lithified  quartzites 
or  vein  quartz)  were  processed  differently  since  they  do  not  naturally  split 
across  pre-existing  grain  boundaries  when  crushed  in  a  rock  crusher.  Iliese 
samples  were  crushed  in  a  jaw  crusher  or  steel  mortar  and  pestle  to  less  dian 
0.5  mm  (in  some  cases  <  1  mm).  This  smaller  size  fraction  was  chosen  to 
make  chemical  dissolution  faster  and  to  insure  that  any  contaminating 
mineral  phases  (feldspar  primarily)  would  be  eliminated  in  add  leaching 
steps.  Granitic  samples  were  also  crushed  in  this  fashion. 

All  samples  were  leached  in  25%  reagent  grade  HNQ3,  normally  two 
times,  either  in  ultrasound  for  four  hours,  or  by  shaking  on  a  shaker  table  for 
four  hours,  to  remove  surface  contamination  and  iron  and  manganese 
oxides.  HCl  would  also  be  an  appropriate  add  for  this  step.  (Quartz  samples 
were  leached  in  50%  HF  (Johnson  Matdiey-Ultrapure)  in  at  least  duee,  and  up 
to  five,  separate  steps  of  shaking  for  24  hrs  on  a  shaker  table  in  screw-top 
teflon  beakers,  imtil  a  total  of  between  30  and  50%  of  the  sample  mass  was 
gone.  This  type  of  procedure  has  been  foimd  to  eliminate  completely 
meteoric  ^^Be  (Brown  1991;  Nishiizutni  et  al.  1989)  and  no  signs  of  this 
contamination  (imusually  low  ^b^l/lOBe  ratios,  poor  reprodudbility  of 
replicates)  were  observed  in  this  study.  Leached  seunples  were  dried,  weighed, 
spiked  with  500  pg  of  stable  Be  (Merk  Titrisol™  1000  ppm  Be  standard)  that 
has  been  shown  to  have  a  ratio  of  <  1-2  x  lO'lS  (G.  Raisbeck, 

personal  communication,  1991),  and  dissolved  completely  in  25  or  50%  HF. 
When  completely  dissolved,  samples  were  evaporated  three  times  in  teflon 
beakers  in  concentrated  trace  metal  grade  or  sub-boiling  distilled  HNO3  to 
remove  traces  of  HF,  which  interferes  with  solvent  extraction  separation  of 
Be  emd  Al  and  can  interfere  in  atomic  absorption  analyses  of  Al.  After 
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evaporation  the  samples  were  brought  to  approximately  10  ml  (exact  amount 
determined  by  weight)  in  2%  trace  metal  grade  distilled  HNO3,  and  a  small 
aliquot  was  removed  for  stable  aluminum  analysis.  After  analysis  the  sample 
was  spiked  with  enough  stable  aluminum  (Johnson  Matthey  Atomic 
absorption  standard  ■*  1000  ppm)  to  make  the  total  quantity  in  the  sample 
approximately  1000  fig. 

Several  samples  of  granite  and  metamorphic  rocks  containing  large 
percentages  of  quartz  and  feldspar  (see  Chapters  5  and  6)  were  processed 
slightly  differently.  These  were  also  crushed  to  <0.5  or  1  mm,  and  then 
sequentially  dissolved  in  HF  in  five  steps  to  separate  quartz  fii>m  feldspar  and 
other  minerals,  relying  on  the  relatively  lower  reactivity  of  quartz  (Kohl  and 
Nishiiizumi  1992).  After  each  step  file  samples  were  examined  tmder  a 
binocular  microscope  to  qualitatively  evaluate  the  amount  of  quartz  in  the 
samples.  After  five  HF  leachings  no  mineral  phases  other  than  quartz  were 
visible.  Stable  aluminum  concentrations  in  these  samples  ranged  from  70  to 
130  ppm,  well  within  the  range  measured  for  "pure"  quartz  from  Dry  Valley 
quartz  sandstones  (generally  ~  100  ppm  or  less). 

Stable  Al  and  Be  measurements  by  GFAAS  and  ICAPES 

Initially,  stable  aluminum  concoitrations  were  measured  by  graphite 
furnace  atomic  absorption  spectroscopy  (GFAAS)  at  the  Centre  de 
Spectrometrie  Nucleare  et  de  Spectrometrie  de  Masse,  in  Orsay,  France.  After 
these  initial  measurements  aluminum  was  measured  by  induction  coupled 
plasma  emission  spectroscpy  (ICPES)  at  WHOI,  using  an  Instruments  SA 
Jobin-Yvon  JY38  VHR-C  rapid  sequential  scanning  ICPES  with  an  automated 
grating  drive  (Bankston,  1988).  An  intercalibration  experiment  gave 
agreement  of  better  than  3%  for  samples  originally  intended  for  GFAAS 
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analysis  (lower  dilution  than  used  for  ICPES).  For  ICPES  analyses,  1  ml 
aliquots  of  the  sample  in  2%  HNO3  were  weighed  and  diluted  to 
approximately  10  ml  by  weight.  These  samples  were  analyzed  at  die  ICPES 
facility  using  normal  aspiration  with  a  peristolic  pump,  and  argon  as  the 
carrier  gas.  A1  was  measured  at  the  237.312  nanometer  wavelength.  Because 
the  samples  were  spiked  with  Be  several  Be  standards  were  analyzed  for  A1  to 
check  for  interferences  on  the  aluminum  wavelength,  but  none  were  found. 
Aluminum  concentrations  were  calculated  hrom  standard  curves  using 
matrix  matched,  gravimetrically  prepared,  standards.  The  machine  was  run 
in  autosampler  mode  and  the  four  standards  were  run  at  the  beginning  and 
end  of  the  runs.  Quality  control  standards  run  every  five  samples  indicated  a 
precision  of  better  than  2%  (1-sigma).  Concentrations  were  calculated  by 
correcting  the  measured  values  of  the  quality  control  standards  to  the  true 
values  and  interpolating  the  correction  throughout  the  nm. 

Be  was  also  measured  by  ICPES  during  calibration  and  testing  of  cation 
exchange  columns.  The  313.107  nanometer  wavelength  was  used  and 
analyses  were  made  in  the  same  fashion  as  described  above,  except  that  in  this 
case  both  Be  and  A1  were  measured  sequentially  in  the  same  samples. 

Separation  and  Purification  of^^Be  and 

AMS  analysis  requires  that  fairly  pure  BeO  and  AI2O3  be  prepared  from 
the  spiked  samples.  It  is  particularly  important  to  remove  boron  and 
magnesirun,  which  may  cause  isobaric  interferences  (l^B  on  l®Be  and  26Mg 
on  Al).  In  addition,  experiments  at  the  Tandetron  have  demonstrated  that 
in  26^1  analysis  ^Be^^o,  95el7oH,  and  lOgl^O  injected  into  the  accelerator 
can  also  interfere  with  26 a1,  indicating  that  careful  attention  to  completely 
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separating  B  and  Be  from  A1  is  necessary  (G.  Raisbeck,  personal 
commtmication,  1992). 

In  the  beginning  of  this  work,  A1  and  Be  were  separated  hrom  spiked 
samples  using  solvent  extraction  techniques  (Brown,  1990).  Be  was  separated 
by  extracting  the  Be^cetylacetonate  (Be-AcAc)  complex  into  carbon 
tetrachloride  in  the  presence  of  EDTA.  Samples  in  2%  HNO3  were  adjusted 
to  pH  8  by  the  addition  of  25%  4Na>EDTA  solution  in  125  or  250  ml 
borosilicate  beakers.  2ml  of  acetylacetone  was  added  and  the  solution  was 
occasionally  gently  swirled  to  mix  the  reagents  over  20  min.  The  sample  was 
then  added  to  a  borosilicate  glass  separatory  fuimel  with  10  ml  carbon 
tetrachloride  and  shaken  vigorously  for  1-2  min.  Because  Be  does  not  form 
strong  complexes  with  EDTA,  Be-AcAc  is  extracted  into  carbon  tetrachloride, 
while  Al-EDTA  stays  in  aqueous  solution.  The  orgaiuc  phase  of  the 
extraction  was  separated  into  the  original  beaker  containing  the  sample.  An 
additional  10  ml  of  carbon  tetrachloride  and  1  ml  of  acetylacetone  were  added 
to  the  aqueous  phase  in  the  furmel  and  shaken  again  for  1-2  min.  The 
resulting  organic  phase  was  added  to  the  material  in  the  beaker.  The  aqueous 
phase  (containing  aluminum)  was  saved  in  a  low  density  polyethelene  bottle 
for  later  processing.  5ml  of  concentrated  HCl  (two-bottle  distilled  or  trace 
metal  grade  add)  was  added  to  the  organic  phase  in  the  beaker,  and  the  beaker 
was  set  on  low-medium  heat  on  a  hotplate  to  evaporate  die  solution  The 
addition  of  add  is  necessary  to  break  the  Be-AcAc  bond.  Be-AcAc  is  .utremely 
volatile  and  omission  of  this  step  results  in  loss  of  Be  upon  heating.  The 
solution  normally  evaporates  to  a  brown  predpitate  containing  Be  and 
organic  material.  5  ml  of  concentrated  HNO3  (two-bottle  distilled  or  trace 
metal  grade)  was  added  and  the  solution  evaporated  slowly  to  dryness.  Then 
5  ml  of  nitric  add  and  0.5  ml  of  perchloric  acid  were  added  and  the  solution 
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again  evaporated  to  dryness.  Finally,  an  additional  5  ml  of  HNO3  was  added 
and  die  solution  evaporated  to  dryness  again.  At  this  point  the  sample  is 
normally  a  white-yellow-brown  precipitate.  The  precipitate  was  dissolved  by 
adding  100  pi  HNO3  and  5  ml  of  deionized  water.  The  entire  extraction 
procedure  was  then  repeated  one  time,  and  the  aqueous  phase  from  the 
second  extraction  combined  with  the  aqueous  phase  from  the  first.  The 
material  in  the  beaker  after  the  second  extraction  and  evaporation  steps  was 
transferred  to  a  15  ml  centrifuge  tube  by  adding  50  pi  of  HQ  and  ~  1  ml  of 
water  to  dissolve  the  precipitate  (repeating  this  three  times  to  insure  efficient 
transfer).  The  solution  was  brought  to  pH  8  by  adding  ammonia,  where 
Be(OH)2  precipitates.  After  10  minutes  of  centrifugation  the  supernatant  was 
poured  ofi  into  the  sample  beaker  and  the  precipitate  was  washed  with  pH  8 
water  by  mixing  the  precipitate  with  5  ml  of  pH  8  water  on  a  vortex  mixer. 
This  procedure  was  repeated  three  times  for  a  total  of  four  precipitations  and 
three  washings.  The  purpose  of  this  step  is  to  remove  boron,  which  does  not 
precipitate  as  a  hydroxide.  The  precipitate  from  the  final  centrifugation  was 
transferred  to  a  10  ml  quartz  crucible  by  adding  100  pi  HNO3  and  ~  1  ml 
deionized  water,  mixing  on  the  vortex  mixer,  and  pouring  the  solution  into 
the  crucible.  This  was  repeated  a  total  of  three  times.  The  solution  in  the 
crucible  was  evaporated  to  dryness  at  low  setting  on  a  hotplate,  then  heated 
on  the  hotplate  at  high  temperature  for  30  minutes.  At  this  point  the 
material  is  usually  white  and  powdery  in  appearance  and  is  a  non- 
stochiometric  mixture  of  Be(OH)2  and  BeO.  The  material  is  then  heated  in  a 
bimsen  burner  flame  or  electrical  ashing  furnace  for  thirty  minutes  to  convert 
all  of  it  to  BeO. 

The  aluminum  remaining  in  the  aqueous  phase  of  the  above 
extraction  was  also  initially  extracted  by  a  solvent  extraction  procedure. 
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Because  EDTA  forms  strong  complexes  with  Al,  the  EDTA  must  first  be 
oxidized.  This  was  done  by  repeated  evaporation  in  concentrated  HNC)3. 

This  step  was  experimented  with  and  die  best  strategy  was  to  to  add  ~  20  ml 
HNO3  to  the  samples  and  heat  than,  covered  with  a  watch  glass,  at  medium 
temperature  overnight  on  a  hotplate,  followed  by  two  additional  open  beaker 
evaparations  in  20  ml  HNO3.  Poor  yields  in  aluminum  target  preparation 
(see  below)  are  attributed  to  inefficiency  in  this  step,  and  oxidation  with 
concentrated  H2O2  and  HNO3  appears  to  be  a  better  alternative  (E.  Brown, 
personal  communication,  1992).  The  reaction  with  H2O2  can  be  somewhat 
violent,  however,  and  small  additions  of  ~  1  ml  at  a  time  are  necessary  to 
keep  die  sample  in  the  beaker.  After  oxidation,  die  Al-EDTA  solution 
typically  evaporated  to  a  yellow  crystalline  mass  (Na-nitrate  crystals).  This 
material  was  re-dissolved  in  20-30  ml  of  deionized  water.  5  ml  of  a  reagent 
made  from  95  ml  deionized  water,  5  ml  ammonia,  and  0.1  g  2-methyl  8- 
quinolinol  (2-mediyl  8-hydroxyquinoline)  was  added  to  the  solution  and  pH 
was  adjusted  to  approximately  10  with  ammonia.  The  quinolinol  reagent 
forms  very  weak  complexes  with  aluminum,  but  much  stronger  complexes 
with  other  elements  (Brown  et  al.  1992).  The  solution  was  added  to  a 
separatory  funnel  and  extracted  twice  with  15  ml  chloroform.  The  organic 
phase  was  reserved  imtil  the  procedure  was  completed  in  case  of  procedural 
errors.  Al  was  extracted  from  the  combined  aqueous  phase  from  the  two 
repetitions  by  adjusting  the  pH  to  7-8  and  adding  3  ml  acetylacetone.  After  a 
tive  minute  wait  the  solution  was  ectracted  in  a  separatory  funnel  (2  times) 
with  carbon  tetrachloride  and  aluminum  targets  were  prepared  as  described 
for  beryllium  targets. 

Several  minor  problems  were  encountered  with  the  above  techniques 
and  some  new  methods  were  investigated.  The  largest  problem  is  the 


64 


necessity  to  oxidize  large  amounts  of  EDTA  to  extract  Al.  This  is  time 
consuming,  is  not  always  reliable,  and  uses  large  amotmts  of  add.  In 
addition,  the  extractions  employing  the  quinolinol  reagent  and  chloroform 
produce  brown-gray  predpitates  and  form  emulsions,  both  of  which  are 
difficult  to  deal  with  in  separatory  fuimels.  One  way  to  avoid  this  is  to 
separate  Be  and  Al  first  by  ion  exchange  chromatography.  A  procedure  was 
developed  based  on  separation  methods  described  by  Ehmaim  and  Kohman 
(1958)  and  Fairhall  (1960).  This  work  indicated  that  Be,  an  alkaline  earth 
element,  and  Al,  a  group  Ilia  element,  could  effectively  be  separated  by  cation 
exchange.  Two  cation  exchange  columns  were  built  from  0.7  cm  ID,  1  cm  OD 
borosilicate  glass.  The  columns  were  loaded  with  10  ml  of  DOWEX  AG50-X 
100-200  mesh  cation  exchange  resin,  and  the  resin  was  deaned  with  10  bed 
volumes  of  6N  HCl.  The  separation  efficiency  of  the  columns  was  tested 
using  an  artifidal  Be  and  Al  standard  and  a  rqplicate  sample  (KBA89'108)  that 
had  both  been  spiked  with  Al  and  Be  (~0.5  mg  Be  and  1  mg  Al).  The  latter 
was  used  to  insure  that  there  were  no  unusual  matrix  effects  associated  with 
dissolved  quartz.  Columns  were  preconditioned  with  5  bed  volumes  of  1  N 
HCl.  The  test  sample  and  standard  were  evaporated  to  dryness  and  taken  up 
in  10  ml  of  1  N  HCL  Each  was  loaded  on  a  column  and  the  elutant  was 
collected  in  a  30  ml  borosilicate  beaker  imtil  the  liquid  level  above  the  resin 
bed  reached  the  bed  surface.  10  aliquots  of  1 N  HCl  were  then  added  to  the 
column,  and  the  elutant  ffom  each  addition  was  collected  in  a  separate  10  ml 
beaker.  Following  the  IN  HCl  step,  5, 10  ml  aliquots  of  6  N  HCl  were  added 
and  the  elutant  from  each  was  collected  in  the  same  fashion.  All  elutants 
were  evaporated  to  dryness  and  then  diluted  in  2  %  HNO3  and  analyzed  for 
Be  and  Al  simultaneously  using  the  Instruments  SA  JY38  VHR-C  ICPES. 
Good  separation  of  Be  and  Al  is  obtained  by  this  method  (Fig.  2).  The 


65 


I 

efficiency  of  this  separation  procedure  was  further  tested  by  measuring  the  Be 
and  A1  contents  of  the  Be  and  A1  fractions  of  four  samples  and  a  blank 
processed  by  the  routine  column  method.  This  experiment  showed  that 
while  no  detectable  Be  was  found  in  the  A1  fraction,  the  quantity  of  A1 
recovered  in  the  A1  fraction  ranged  from  75  to  100  %.  This  is  most  likely  due 
to  over-loading  of  the  cation  exhange  resin  with  other  cations  in  the  rock 
matrix  and  increasing  the  resin  volume  would  probably  solve  that  problem. 

! 

I  Alternatively,  it  may  be  necessary  to  extract  A1  and  Be  using  an  acetylacetone 

extraction  prior  to  the  column  chemistry.  Fine-tuning  of  the  column 
procedure  will  require  further  work  but  as  it  stands  it  yields  adequate  results 
i  in  most  cases. 

For  routine  sample  processing  by  the  column  method,  the  samples 
were  taken  up  in  IN  HCl  after  the  last  HNO3  evaporation  step,  and  the 
^  aliquot  for  A1  analysis  was  removed  at  that  point.  After  spiking  with  stable 

A1  the  samples  were  loaded  on  the  preconditioned  columns.  Be  was  eluted 
with  100  ml  of  1  N  HCL  using  four  successive  25  ml  aliquots  of  1  N  HCl,  and 
all  the  elutant  was  collected  in  a  125  or  250  ml  beaker.  A1  was  eluted  with  50 
ml  of  6N  HCl  (two  25  ml  aliquots),  and  all  the  elutant  was  collected  in  a  125  or 
250  ml  beaker.  The  A1  fraction  was  evaporated  to  dryness  in  the  presence  of  a 
few  ml  of  HNO3  to  oxidize  any  organic  material  left  over  from  the  columns, 
then  transferred  to  centrifuge  tubes  and  precipitated  and  rinsed  as  above.  The 
Be  fraction  was  evaporated  to  near  dryness  and  dissolved  in  2%  HNO3.  The 
solvent  extraction  procedure  for  Be  as  described  above  was  then  performed. 
Initially  the  A1  target  was  prepared  by  evaporating  the  HCl  solution 
containing  A1  that  came  off  the  column  to  dryness,  adding  1-2  ml  of  HNO3  to 
oxidize  organic  material  from  the  resin,  evaporating  that  to  dryness,  then 
simply  precipitating  Al(OH)3  as  described  above  for  Be(OH)2. 
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Figure  2.  Chromatagram  showing  separation  of  Be  and  A1  by  cation  exchange 
chomatography. 
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This  did  not  markedly  improve  the  performance  of  the  aluminum  targets  in 
the  accelerator;  27ai3+  ion  currents  remained  below  100  nA  and  peaks  in  the 
E  vs.  dE  spectrum  that  have  been  attributed  to  the  injection  of  ^Be^^O  and 
lOglbo  remained  in  the  spectra  (see  below).  In  an  attempt  to  improve  target 
performance  the  A1  fraction  from  the  cation  exchange  procedure  was  further 
processed  by  the  2-methyl  8-quinolinol  method,  or  by  a  second  cation  exhange 
procedure.  In  either  case  the  sample  was  first  evaporated  to  dryness  at  low 
temperature  and  1-2  ml  of  HNO3  was  added  and  evaporated  to  dryness  to 
oxidize  any  residual  organic  matter.  The  latter  procudure  used  a  15  ml 
disposable  polyethelene  column  and  10  ml  of  DOWEX  AG50X  100-200  mesh 
cation  exchange  resin,  with  cleaning  and  elution  as  described  above  for  the 
first  cation  exhange  step.  The  A1  fraction  from  the  second  cation  exchange 
step  was  again  evaporated  to  dryness,  and  1-2  ml  of  HNO3  was  added  and 
evaporated  to  dryness  to  oxidize  any  residual  orgaiuc  matter.  Precipitation  of 
A1(0H)3  and  preparation  of  AI2O3  proceeded  as  described  above  for  Be  and 
Al.  This  procedure  was  tested  on  three  samples  near  the  end  of  this  work  and 
it  resulted  in  targets  that  had  ion  currents  in  excess  of  200  nA,  which  is 
excellent  performance  for  the  Tandetron,  and  reduced  the  magnitude  of  the 
neighboring  peaks  (see  Fig.  5,  below)  significantly. 

Accelerator  Mass  Spectrometry  of  ^®Be  and  26^1 

Principles 

Accelerator  mass  spectrometry  (AMS)  has  revolutionized  the 
measurement  of  rare  long-lived  radionuclides  in  terrestrial  materials  in  the 
last  two  decades.  Prior  to  the  development  of  AMS,  these  measurements 
were  severely  limited  by  the  lack  of  sensitivity  of  conventional  decay 
counting  techniques.  The  general  principles  of  AMS  have  been  described  in  a 


68 


large  number  of  publications,  including  Elmore  and  Phillips  (1987), 

Litherland  (1987),  Middleton  and  Klein  (1987),  Raisbeck  et  al.  (1984),  and 
Raisbeck  et  al.  (1987).  RaM>eck  et  al.  (1984)  and  Raisbeck  et  al.  (1987)  also 
provided  specific  information  about  the  operation  of  the  Tandetron  for  ^^Be 
and  ^^Al  analysis.  AMS  combines  the  mass  discrimination  of  sensitive  mass 
spectrometers  with  the  advantages  of  a  multi-MV  energy  beam.  The 
advantages  of  the  high  energy  beam  include  the  ability  to  use  an  electron 
stripping  step  to  eliminate  molecular  interferences,  the  use  of  energy  filtering 
devices  like  carbon  foils  to  reduce  isobaric  interference,  and  the  ability  to  use 
energy  sensitive  detectors,  like  the  Er  vs.  AE  detectors  described  below,  for  the 
ultimate  measurements  and  for  discriminating  among  isobars. 

The  Tandetron  AMS  facility  at  Gif-sur-Yvette  is  illustrated 
schematically  in  Fig.  3.  The  general  operating  principles  are  described  here, 
and  the  detaib  of  l®Be  and  26^1  analysis  are  described  below.  The  cesium 
sputter  ion  source  produces  a  beam  of  negative  ions  accelerated  at  a  potential 
of  20  KV.  An  electrostatic  analyzer  focuses  the  beam,  which  is  bent  by  a  90° 
injection  magnet.  The  beam  tube  within  the  injection  magnet  is  electrically 
insulated  from  the  rest  of  the  system  and  voltage  across  this  section  of  the 
tube  is  switched  during  aiudysis  to  altematingly  inject  a  beam  of  the 
radioactive  or  stable  isotope.  The  beam  is  accelerated  to  a  nominal  potential 
of  2  MV  (differs  slightly  depending  on  the  element  analyzed).  Because  the 
beam  consists  of  negative  ions,  elements  that  do  not  form  negative  ions  are 
effectively  removed.  The  negative  beam  passes  through  a  stripper  canal  filled 
with  argon.  Collisions  in  the  canal  strip  electrons  from  the  elements  in  the 
beam,  and  also  break  apart  molecular  ions.  The  resulting  beam  consists 
normally  of  positive  ions  of  the  element  of  interest,  in  a  variety  of  charge 
states,  and  is  accelerated  to  ground. 
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Figure  3.  Schematic  diagram  of  the  Tandetron  AMS  at  Gif>sur  Yvette.  See 
text  for  explanation. 


The  beam  is  further  steered  by  an  electrostatic  deflector  and  a  first  aixalyzing 
magnet,  after  which  the  stable  isotope  beam  is  normally  detected  in  a  faraday 
cup.  The  rare  isotope  beam  is  further  bent  by  a  second  analyzing  magnet.  The 
detector  system  at  the  Tandetron  facility  at  Gif-sur-Yvette  is  a  gas  ionization 
detector  normally  referred  to  as  a  AE  vs.  Er  detector.  The  detector  is  filled 
with  a  partial  pressure  of  argon  gas  and  methane,  and  separated  from  the 
beam  line  by  a  mylar  foiL  Ions  passing  through  the  detector  ioruze  the 
detector  gas,  and  die  degree  of  ionization  is  measured  across  a  series  of  plates 
kept  at  a  potential  difference  of  a  few  hundred  volts.  The  series  of  plates 
allows  measurement  of  both  the  rate  of  energy  loss  (AE)  of  the  particle,  and 
the  total  or  residual  (Er)  energy.  Most  light  ions  have  a  unique  AE  vs.  Er 
signature,  allowing  separation  of  isobars,  for  example,  from  ^Oge  (Figures 
4  and  5). 

Analysis 

AMS  Be  targets  are  prepared  in  the  laboratory  at  Orsay  by  mixing  the 
BeO  in  the  quartz  crucible  with  graphite.  The  resulting  material  is  pressed  in 
a  molybdenum  target  holder  (ion  source  cathode)  and  sintered  under  argon  at 
18000  C  in  a  resistively  heated  furnace.  The  ion  source  is  operated  at  a 
cathode  voltage  of  3-4  KV  (e.g.,  3-4  KV  is  the  energy  of  the  Cs  sputter  beam). 
BeO"  ions  axe  produced  in  the  source,  and  after  focusing  the  injection  magnet 
voltage  alternates  between  injecting  ^geO"  for  5  s  and  l^BeO"  for  100  s.  The 
BeO'  ions  are  accelerated  at  a  potential  of  2.2  MV  and  electron  stripping  in  the 
stripper  canal  produces  positive  Be  ions,  with  Be2+  being  the  most  abimdant. 
The  beam  is  accelerated  in  the  second  part  of  the  tandem  accelerator,  then 
passes  through  the  electrostatic  analyzer,  which  selects  for  the  Be2+  charge 
state.  The  two  analyzing  magnets  further  discriminate  against  ions  of  other 
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mass/eneigy  states.  The  first  magnet  is  set  to  direct  the  9Be2+  beam  to  a 
Faraday  cup,  and  the  10Be2+  beam  is  sent  past,  through  a  200  jig/ cm2  caibon 
foil,  designed  to  reduce  die  signal  The  isobar  is  a  significant  problem 
for  l^Be  analysis  and  the  caibon  foil  causes  10b2+  ions  to  lose  energy  faster 
than  10Be2+  ions,  allowing  B  and  Be  to  be  more  effectively  separated  at  the 
second  analyzer  magnet.  At  die  caibon  foil  exit,  the  second  analyzer  magnet 
current  is  set  to  select  for  Be^"*"  ions  instead  of  Be2+  ions.  This  further  reduces 
the  10b  backgroimd  in  the  detector  because  die  at  this  energy  die  3+  charge 
state  of  Be  is  favored  relative  to  B  (Rabbeck  et  al.  1984).  The  beam  then  enters 
the  detector  region,  where  AE  and  Er  are  measured  and  recorded  on  a 
Canberra  model  88  bidimensional  multichannel  analyzer.  15  measured 
by  counting  the  number  of  arrivals  in  a  predetermined  window  in  the  AE  vs. 
Er  spectrum  (Figs.  4  and  5).  Normally  die  l^B  and  l^Be  peaks  are  well 
resolved  because  the  ions  have  different  energy  loss  and  residual  energy 
characterisdcs.  In  fact,  the  l^B  count  rate  is  routinely  measmed  during  l^Be 
analysis.  At  high  boron  ion  currents  (>  40,000  cps),  however,  "pileup"  occurs 
in  the  detector.  In  practice,  therefore,  it  is  sometimes  necessary  to  limit  the 
ion  current,  thus  limiting  the  precision  of  the  l®Be  measurement.  Typical 
9Be2+  ion  currents  for  the  taigets  made  for  this  work  were  between  500  and 
1500  ^amps,  fairly  normal  for  samples  of  this  type.  Boron  contamination  was 
observed  in  some  targets  and  its  source  is  not  completely  clear.  It  is  possible, 
however,  that  atmospheric  dust  and  perhaps  sea-salt  aerosols  play  a  role. 
However,  preparing  taigets  in  a  Class  100  clean  room  did  not  appear  to 
alleviate  this  problem. 

A  normal  measurement  consists  of  a  nu  of  100s  lOge 
measurement  periods,  each  grouped  with  two  ^Be  measurement  periods. 
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Figure  4.  AE  vs.  Er  spectra  for  quartz  sample  KBA89-104.  The  plot  shows 
the  energy  and  eneigy  loss  data  collected  on  a  multi-channel  analyzer,  each 

number  on  the  plot  is  the  log  (base  2)  of  the  number  of  events  in  each  AE  vs.  E 
region.  The  rectangular  region  between  the  two  stars  is  the  window  of 
interest  for  ^^Be  and  counts  that  fall  within  this  window  are  counted  as 
events. 
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Figure  5.  26 AI AE  vs.  Er  spectra  for  quartz  sample  KBA89-104.  As  in  Fig.  4  the 
upper  right  and  lower  left  comers  of  the  26 a1  window  are  denoted  by  the  plus 
signs.  The  peak  to  the  lower  left  side  of  the  window  is  attributed  to  the 
injection  of  ^Be^^OH  and  ions  into  the  accelerator  (see  text). 
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Measurements  are  continued  until  a  sufficient  number  of  ^^Be  events  are 
recorded  in  the  detector.  The  ^^Be/^Be  ratio  is  calculated  by  comparing  the 
measiued  ratio  of  l®Be  counts  to  average  ^Be  ion  current  for  the  two 
surrounding  ^Be  measurement  periods  to  the  count/current  ratio  for  a 
standard  of  known  10Be/9Be  ratio  (NKT  Standard  Reference  Material  #4325, 
lOBe/^Be  =  2.68  xlO*!!).  The  standard  is  run  three  times  during  the  day  and 
the  coimt/current  ratio  usually  varies  by  less  than  3  %.  All  samples  contain  a 
known  amount  of  ^Be,  and  l^Be  concentrations  are  calculated  from  the 
measured  l^Be/^Be  ratio.  Uncertainties  are  calculated  based  on  counting 
statistics  for  individual  samples  and  an  additional  5  %  uncertainty  that 
accounts  for  instrumental  drift.  Blank  targets  prepared  during  the  course  of 
this  study  had  l^Be/^Be  ratios  of  -2  x  10“^5  (near  the  optimiun  for  this 
instrument). 

Analysis 

26 A1  analysis  is  very  similar  to  l^Be  analysis,  with  a  few  important 
exceptions.  Al",  rather  than  AlO",  is  injected  into  the  accelerator  because  of  a 
very  strong  interfering  26MgO'  beam.  Production  of  Al”  ions  is  not  as 
efficient  as  AlO”  production,  limiting  Al^"*"  ion  ciurents  to  ~200  nA  or  less, 
however,  using  Al”  is  advantageous  because  Mg"  ions  are  not  formed, 
minimizing  potential  interferences  from  ^b^g.  After  the  stripper  region  in 
the  accelerator  the  dominant  charge  state  is  Al^***,  requiring  that  the  terminal 
voltage  be  set  at  1.93  MV  to  allow  the  analyzer  magnets  to  bend  the  Al  beam 
enough  to  reach  the  detectors.  The  carbon  foil  is  not  used,  and  27 Al  is 
detected  with  a  faraday  cup  between  the  first  and  second  magnets,  on  the 
opposite  side  of  the  beam  from  the  ^Be  detector  (Fig.  3).  Detector  gas  pressure 
is  slightly  lower  than  in  ^^Be  analysis  due  to  the  lower  range  of  26 aI  ions. 
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The  aluminum  standard  was  prepared  from  a  commercially  available  ^^Al 
standard  by  mixing  it  with  stable  ^^Al  and  is  described  by  Raisbeck  et  al.  (1983). 
It  has  a  2^A1/27a1  ratio  of  4.52  x  Data  aquisition  and  calculations  are 

similar  to  those  described  for  ^^Be  above. 

As  mentioned  above  there  are  some  important  isobaric  interferences  in 
26 Al  spectra.  The  first,  not  mentioned  previously,  is  due  to  occasional 
voltage  break-downs  (sparks)  in  the  ion  source  that  cause  26MgH~  ions  to  be 
injected  into  the  accelerator.  Charge  exchange  in  the  accelerator  region  of  the 
Tandetron  can  then  produce  ions  with  very  similar  AE  v.  Er 
characteristics  to  26ai3+.  A  circuit  that  stops  data  collection  during  a  spark 
removes  this  potential  interference.  There  are  also  a  number  of  peaks  in  26a1 
spectra  which  are  very  close  to,  but  resolved  from,  the  region  of  interest  for 
26 Al  data  collection.  As  mentioned  above,  experiments  at  the  Tandetron 
have  identified  that  these  probably  represent  interference  associated  with 
^Bel^o  or  10b16o  (G.  Raisbeck,  personal  communication,  1992),  which,  due 
to  charge  exchange,  can  produce  ions  with  similar  rigidity  to  26a1.  There  is 
some  concern  that  they  will  "tail"  into  the  26 ai  window  if  large  enough  (Fig. 
5).  As  described  above,  clean  chemical  separation  appears  to  minimize  these 
interference  problems. 


Lithium  Measurements 

Lithium  concentrations  were  measured  in  selected  quartz  samples  by 
flame  atomic  absorption  spectrophotometry  using  a  Perkin-Elmer  Model  403 
with  an  air/acetylene  flame,  hollow  cathode  Li  lamp,  red  filter  in,  at  the  670.8 
nm  wavelength.  Samples  were  cleaned  in  25  %  HNO3,  completely  dissolved 
in  a  3:1  HF:HN03  mixture,  then  evaporated  to  dryness  three  times  in 
concentrated  HNO3  and  brought  up  to  a  known  volume  in  0.3  N  HNO3.  To 
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avoid  losses  due  to  ionization  of  lithium  in  the  flame  small  quantities  of  a 
100,000  ppm  CsCl  solution  were  added  to  aU  samples  and  standards  to  make 
the  final  Cs  concentration  1000  ppm.  Standard  curves  were  generated  with  a 
sequence  of  four  standards  in  0.3  N  HNO3  fiom  0  to  2  ppm.  Internal 
precision  of  the  measurements  was  0.5  %,  accuracy,  based  on  a  consistency 
standard,  was  better  than  0.5  %.  Five  replicate  measurements  of  sample 
BW84-105  yielded  16.9  ±  0.5  lig/g  Li  (2.5  %  precision);  four  replicates  of  BW84- 
87  gave  5.6  ±  0.5  pg/g  (8.9%  precision).  Analysis  of  BW85-105  by  standard 
additions  yielded  a  concentration  of  17.1  pg/g,  indicating  that  there  are  no 
significant  matrix  effects  in  the  samples  titat  affect  the  calibration  using 
standard  curves. 

More  detailed  Li  measurements  were  made  for  two  additional  samples 
as  part  of  the  investigation  of  the  depth  dependence  of  ^He  production 
(Chapter  7).  These  samples  were  first  leached  overnight  in  IN  HQ  and  then 
completely  dissolved  in  HF  and  processed  as  above.  Lithium  concentrations 
were  meastired  in  the  leachates  and  the  total  dissolutions.  All  of  the  lithium 
concentration  data  are  shown  in  Table  2. 
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Table  1.  Replicate  helium  isotope  analyses  for  ALV892*la  basalt  glass  and 
quartz  grains  from  two  Antarctic  sandstones.  ^He/^He  ratio  reported  relative 
to  the  atmospheric  ratio  (Ra)  (Ra»l<384xl0*^). 


ALV892*1A  Basalt  Glass  SCW87-4'1  (LS4).71  mm  quartz  grains 


Date 

*He 

3He/^He 

Date 

♦He 

3He/*He 

^He 

(ccSTP/g) 

(R/Ra) 

(cc  STP/g) 

(R/Ra) 

(cc  STP/g) 

xlO® 

xlO® 

xlO^ 

4/19/90 

8.96 

8.41 

8/1/90 

0.98 

1.45 

l.% 

5/5/90 

8.84 

8.41 

10/2/90 

1.13 

1.38 

2.15 

12/7/90 

8.97 

8.44 

10/9/90 

1.51 

1.02 

2.13 

5/7/91 

8.78 

8.10 

11/6/90 

0.87 

1.92 

2.30 

8/14/91 

8.59 

8.29 

3/6/91 

0.96 

1.48 

1.95 

10/17/91 

8.73 

8.14 

5/7/91 

3.81 

0.45 

2.38 

10/22/91 

8.97 

8.10 

11/10/91 

0.45 

3.15 

1.97 

10/28/91 

8.98 

8.29 

11/16/91 

0.95 

1.50 

1.97 

2/18/92 

8.84 

8.10 

11/21/91 

0.96 

1.60 

2.12 

2/20/92 

8.72 

8.31 

12/3/92 

1.93 

0.00 

1.95 

3/20/92 

8.59 

8.06 

B^fean 

135 

1.40 

2.09 

3/22/92 

8.63 

8.38 

SD 

0.95 

0.84 

0.16 

3/31/92 

8.73 

8.45 

%SD 

70.18% 

60.33% 

7.51% 

4/8/92 

8.99 

8.48 

5/4/92 

8.89 

8.11 

5/7/92 

8.70 

8.33 

BW84>105  0.5-lmm  quartz  grains 

5/14/92 

8.93 

8.10 

8/18/86 

1.44 

9.88 

19.72 

5/20/92 

8.82 

8.32 

4/26/90 

0.64 

19.51 

17.19 

7/30/92 

833 

8.16 

4/26/90 

2.51 

5.15 

17.94 

12/18/92 

8.39 

8.29 

5/11/92 

0.12 

125.65 

20.54 

3/24/93 

8.94 

8.40 

1/27/93 

032 

67.72 

20.79 

Mean 

8.78 

837 

Mean 

1.07 

39.73 

19.67 

SD 

0.19 

0.14 

SD 

0.92 

47.99 

1.78 

%SD 

2.16% 

1.70% 

%SD 

85.70 

120.78 

9.07 
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Table  2.  Lithium  concentrations  in  selected  Antarctic  quartz  samples, 


Sample 

Li  (pg/g) 

BW84-105 

17.0 

BW84-105 

163 

BW84-105 

16.6 

BW84-105 

16.8 

BW84-105 

17.8 

meanllsd 

16.910.5 

BW84-87 

5.9 

BW84-87 

5.1 

BW84-87 

5.3 

BW84-87 

6.1 

meanllsd 

5.610.5 

BW84-71 

6.6 

BW84-71 

6.4 

BW84-134 

3.6 

AA86-14 

5.0 

AA86-14 

5.1 

AA86-15 

5.0 

AA86-15 

5.2 

BW84-33 

9.3 

AA86-5 

7.7 

AA86-16 

5.8 

BAK90-81  leach* 

4.6 

BAK9041  bulk 

3.28 

KBA89-77-12  leach* 

below 

detection 

KBA89-77-12  bulk 

5.0 

•  overnight  leach  in  1  N  HCi  at  70  degrees  C. 
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Chapter  3 

Surface  Exposure  Chronology  Using  in  situ 
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/■  idni-pfoduoed  cqwiottnle  heUum  (*HeJ  prtwridet «  new  tool 
forcaaitiaiiiingblMatietofQuitcniafy  aeamarphic  wrfacet.  Be- 
fotcRcoefalapiiljcaiiao  of  the  technique,  however,  the  eyttemetia 
aad  ptoduction  ratet  of  *He,  nutl  be  well  uodetetood.  tn  a  eoin- 
paniM  etudy,  *Hc  and '*Bc  data  from  eandetooe  and  granite  boul- 
den  in  the  Dry  Valleys  region  of  Antarctica  have  been  used  to 
cooetrahi  the  ages  of  an  haportant  motaiae  eequence  formed  ^ 
the  Tayier  daekr.  Data  these  deporits  aiio  provide  infar- 
■ation  about  the  eyitmiatirt  of  *He  hi  quart!  that  hmhnpottaot 
impHeatioas  far  geochroaoiogy  bated  on  'He..  In  oontiast  to  pre- 
vioiu  retuks  boin  oUvine  and  cUnopytoxene,  erushmg  quartz  in 
eacuo  telreeri  heUum  with  high  ’He^e  ratiot  (up  to  148  x  R,, 
where  R,  it  the  atmoapheric  *He/*He  ratio),  indicating  that  cniA- 
ing  caanot  he  used  to  determine  the  iiotopic  compotitioa  id 
trapped  (i.e. ,  noacotBMgenic)  hehum  in  quartz.  Analy^  of ’He  in 
different  size  fractiotts  of  the  tame  samples  indicates  significant 
’He  lorn  not  predicted  by  eiitting  ’He  diffiisioo  data  far  quartz. 
The  origin  of  the  diacrepnacy  is  not  clear,  but  lorn  from  these 
samples  is  not  at  sipiificant  as  suggested  by  the  limited  data  irf 
previous  anidies.  eivn  iMtaeoarwauimia. 


INTRODUCTION 

Measurement  of  nuclides  produced  in  siiu  in  rocks  by 
cosmic  rays  provides  a  new  tool  for  studying  exposure 
histories  of  geomorphic  surfaces.  Cosmogenic  ’He  (’He^) 
is  unique  among  the  in  situ-produced  cosmogenic  nu¬ 
clides  in  that  it  is  stable  and  has  a  high  production  rate 
(about  150-2(XI  at  g* '  yr" '  at  sea  level  >60”  geomagnetic 
latitude)  and  a  low  detection  limit  (^lO*  atoms  in  the 
WHOl  laboratory).  Several  recent  studies  have  demon¬ 
strated  the  utility  of  ’He^  in  determining  exposure  ages 
and  erosion  rates  of  olivine-  and  clinopyroxene-beaiing 
volcanic  rocks  (Kurz,  1986a,b;  Craig  and  Poreda,  1986; 
Kurz  et  al.,  1990;  Ceriing,  1990).  This  success  is  due  to 
the  well-understood  systematics  of  ’He  in  olivine  and 
clinopyroxene,  and  low  diffusion  rates  of  ’He  in  these 
minerds  (Kurz,  1986b;  Trull  et  at.,  1991).  ’He,  has  also 
been  measured  in  quartz,  in  which  a  number  of  studies 
suggest,  based  on  a  limited  amount  of  data,  that  loss  of 
’He,  due  to  diffusion  may  be  significant  (Ceding,  1990; 
Graf  et  al.,  1991;  Trull  et  al.,  1991).  It  is  important  to 


understand  further  the  behavior  of  ’He,  in  quartz,  how¬ 
ever,  because  quartz  is  common  in  continental  rocks,  is 
resistant  to  chemical  and  physical  weathering,  and  is  an 
ideal  phase  for  determinirig  in  situ  '**Be  and  ’^Al  (e.g.. 
Nishiinmi  et  al.,  1989;  Brown  et  al.,  1991). 

In  a  companion  study.  Brook  et  al.  (1993)  use  cos¬ 
mogenic  ’He  and  "*Be  in  quartz  to  constrain  the  ages  of 
an  important  sequence  of  (^ternary  moraines  in  Arena 
Valley,  in  the  Dry  Valleys  region  of  Antarctica.  In  this 
paper,  several  important  aspects  of  the  data  that  are  gen¬ 
erally  relevant  to  using  ’He,  as  a  geochronometer  are 
summarized,  including  a  discussion  of  constraints  on  ’He 
production  rates,  noncosmogenic  sources  of  ’He,  and 
problems  of  ’He  retention  in  quartz. 

PRODUCTION  OF  COSMOGENIC  HEUUM  IN 
SURFACE  ROCKS 

Production  Rates  and  Altitude-Latitude  Dependence 

’He,  is  produced  primarily  by  spallation  of  major  ele¬ 
ments  in  rocks  by  cosmic  ray  neutrons  (Lai  and  Peters, 
1967;  Kurz,  1986b).  Within  the  top  meter  of  the  earth's 
surface  other  production  mechanisms,  e.g.,  muon- 
induced  reaaions  and  thermal  neutron  reactions  with 
*Li.  are  in  most  cases  insignificant  relative  to  spallation 
(Kurz,  1986b;  Lai.  1987).  ’He  production  by  spallation  is 
considered  independent  of  rock  composition  (within 
~20%)  based  on  theoretical  evidence  (Lai,  1987,  1991) 
aiKl  measurements  of  ’He,  in  meteorites  (Bogard  and 
Cressy,  1973;  Eugster,  1988). 

Accurate  production  rates  are  of  primary  importance 
for  geochronology  based  on  cosmogenic  nuclides.  Cali¬ 
bration  of  ’He  production  rates  has  concentrated  so  far 
on  ’He,  in  olivine  and  clinopyroxene  from  dated  basalt 
flows  in  Hawaii  (Kurz,  1986b;  Kurz  et  al.,  1990)  and  Utah 
(Ceriing,  1990).  Because  the  cosmic  ray  flux  at  the  earth's 
surface  is  a  function  of  altitude,  latitude,  and  the  soUr 
cycle  (e.g.,  Lai  and  Peters,  1967;  Merker  et  al.,  1973), 
calibrated  production  rates  at  other  locations  must  be 
scaled  for  these  effects.  The  altitude  dependence  is  nor¬ 
mally  considered  an  approximately  exponential  function 
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of  atmospheric  pressure  (e.g.,  Mabuchi  ei  al.,  1971)  that 
can  be  described  by  Eq.  1, 

where  P„  is  sea-level  production  rate,  P  is  production 
rate  at  altitude,  d  is  depth  in  the  atmosphere  in  g  cm~^, 
and  L  is  an  apparent  vertical  attenuation  length  (1033  g 
cm~^  is  atmospheric  depth,  or  pressure,  at  sea  level). 

Production  rates  vary  with  latitude  due  to  the  effect  of 
the  earth's  magnetic  field  on  incoming  cosmic  rays.  At 
the  top  of  the  atmosphere,  the  flux  tff  lower  energy  par¬ 
ticles  is  higher  at  the  poles  than  near  the  equator,  while 
the  flux  of  higher-energy  particles  (>—10  GeV)  is  inde¬ 
pendent  of  latitude  (Lai  and  Peters,  1967).  As  a  result, 
production  rates  in  surface  rocks  at  any  single  altitude  are 
always  higher  at  the  poles  than  at  lower  latitudes,  but  the 
pole-equator  difference  decreases  during  periods  of  high 
solar  activity  because  the  magnitude  of  the  lower  energy 
flux  is  decreased  by  interaction  with  solar  magnetic 
fields. 

To  compare  calibrated  production  rates,  it  is  conve¬ 
nient  to  scale  them  to  a  reference  location  (normally  sea 
level  at  high  latitudes).  Neutron-monitor  data  and/or  cos¬ 
mic-ray  star  production  data  (“stars”  are  the  results  of 
nuclear  reactions  in  photographic  emulsions)  collected  at 
various  altitudes  and  latitudes,  and  at  different  times  dur¬ 
ing  the  solar  cycle,  allow  construction  of  curves  that  can 
be  used  to  scale  production  rates.  A  number  of  different 
sets  of  data  have  been  used  in  this  fashion,  including  the 
curves  published  by  Lai  (1991)  (a  summary  of  the  work  of 
Lai  and  Peters,  1967),  Lingenfelter(1963),  and  the  calcu¬ 
lations  of  Yokoyama  ei  al.  (1977).  In  addition,  data  from 
the  latitudinal  neutron  monitor  surveys  of  Rose  ei  al. 
(19S6)  and  Pomerantz  and  Agarwal  (1962)  have  been  ap¬ 
plied  directly  to  scaling  ^He  production  rates  (Kurz, 
i986b). 

Calibrated  Production  Rates 

Three  calibrations  of  the  ’He  production  rate  have 
been  attempted.  Kurz  et  al.  (1990)  reported  a  sea-level 
production  rate  in  Hawaii  (20^)  of  125  ♦  30  at  g" '  yr~ '. 
To  make  this  calculation,  production  rates  determined  for 
several  '*C-dated  (calibrated  '^C  ages)  lava  flows  less 
than  1000  yr  old  were  scaled  to  sea  level  using  eq.  I, 
assuming  L  »  160  g/cm’.  \'.ye  uncertainty  in  the  resulting 
production  rate  is  large  because  of  the  young  ages  of  the 
flows;  however,  only  the  young  flows  are  used  here  be¬ 
cause  they  have  the  best  preserved  surfaces.  Kurz  et  al. 
(1990)  suggested,  based  on  results  from  older  flows,  that 
the  production  rate  may  have  varied  significantly  with 
time  due  to  fluctuations  in  the  earth’s  magnetic  field  in¬ 
tensity.  At  present  this  conclusion  is  tentative  and  the 
production  rate  is  assumed  to  be  constant  with  time  for 


the  purposes  of  this  paper.  Earlier,  Kurz  (1987)  calculated 
a  production  rate  at  sea  level  in  Hawaii  of  91  ±  3  at  g" ' 
yr~'.  but  because  of  possible  past  soil  cover  at  the  site 
this  is  a  minimum  constraint,  and  because  of  the  old  age 
of  the  flow  (28,180  yr  B.P.)  the  accuracy  of  the  ra¬ 
diocarbon  date  is  open  to  question.  Ceding  (1990)  re¬ 
ported  a  production  rate  from  the  Tabernacle  Hill  lava 
flow  in  Utah  (39°N)  at  432  at  g' '  yr~ '  at  1445  m,  based 
on  radiocarbon  dates  that  indicate  an  age  of  14,400  ''*C  yr 
B.P.  The  Utah  production  rates  have  been  revised  and 
corrected  for  differences  between  U-Th  aitd  time 
scales  (Bard  et  al..  1990),  giving  368  ±  8  g~'  yr~'  (T. 
Ceriing,  persona)  communication,  1992). 

The  three  measured  production  rates,  scaled  to  sea 
level  and  >60°  geomagnetic  latitude  using  the  four  meth¬ 
ods  described  above,  are  compared  in  Table  I.  Also  in¬ 
cluded  are  theoretical  calculations  of  the  ’He  production 
rate,  which  in  some  cases  agree  fairly  well  with  measured 
rates.  Note  that  variations  of  production  rates  with  lati¬ 
tude  are  usually  referred  to  in  terms  of  geomagnetic  co¬ 
ordinates  (either  geomagnetic  latitude  or  cut-off  rigidity). 
However,  because  the  dipole  field  is  very  close  to  geo¬ 
centric  on  time  scales  greater  than  —2000  yr  (Tarling. 
1983),  geographic  coordinates  can  be  used  to  scale  pro¬ 
duction  rates. 

Production  rates  scaled  according  to  Yokoyama  et  al. 
(1977)  (method  4  in  Table  I)  are  significantly  higher  than 
previous  predictions  (e.g.,  Lai  and  Peters,  l%7);  this  dis- 

TABLEl 

EAiinstts  of  *He  Productiaa  Rates  Scaled  to  Sea  Lend  and 
>S0*  Geom^nelic  Latitude  Uuig  Four  Scaling  Merhods  Dis- 
cutsed  in  Text 


Aliiiudc  and  biiiudc  scalne  nciticid* 


1 

2 

3 

4 

Measured  production  rates 

Kurz<l967t 

156  s  5 

126  £  4 

143  £6 

352  £  II 

Kurz  ff «/.  (1990) 

201  :  47 

191  s  59 

178  £  41 

453  £  105 

Cef«i«(1990) 

Theoretical  production  rates 

155  s  5 

161  s6 

!17  £  4 

225  £7 

Lai  0991) 

Yokoyama  ei  al.  1 1977) 

75* 

2\r 

Lai  and  Peters  ( 1967) 

ISC' 

*  I.  Scaling  based  oa  laiitude  invahani  venical  aimospbenc  attenu¬ 
ation  length  (160  gem' and  neutron  data  of  Pomerantz  and  Agarwal 
<19621  and  Rose  el  al.  II9J6)  averaged  over  solar  maximum  and  mini¬ 
mum.  2.  Scaling  based  on  neutron  ptxtduction  rates  from  Lingenfelter 
(1963).  averaged  over  solar  maximum  and  minimum.  3.  Scaling  based 
on  Lai  and  Peters  (1967)  using  polynomial  flt  of  Lai  (1991)  (bat  gives 
nuclear  disintegration  rates  in  the  atmosphere.  4.  ScaUng  based  on 
Yokoyama  er  al.  (1977). 

°  Based  on  cosmic  ray  neutron  energy  spectra  and  cross-sections  for 
proton  interactions. 

'  Based  on  ’H  production  rate  calculated  using  cross-scctiims  for 
proton  interactions  and  ’H/’He  production  ratio  of  Lai  and  Peters 
(1967). 

°  Based  on  atmospheric  ptoduaion  rates  of  Lai  and  Peters  (1967); 
estimated  from  published  curves. 
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crepancy  was  also  noted  by  Ceiiinf  (1990).  This  may  be 
at  least  partially  because  the  latitude  scaling  is  based  on 
data  for  high  altitude  (~  10  km:  Light  era/..  1973:Merker 
ei  at.,  1973).  Given  that  the  pok-equator  difference  in 
cosmic  ray  intensity  increases  with  altitude  (Lingenfelter. 
1963;  Lai  and  Peters,  1967),  these  data  cannot  be  used  as 
general  scaling  betors  for  production  rates  at  all  alti¬ 
tudes.  Similarly,  because  the  Rose  et  al.  (1936)  data  were 
collected  al  sea  level,  and  the  Pomerantz  and  Agarwal 
data  are  from  high  altitude  (3.4  km),  they  should  not  be 
directly  applied  (method  I  in  Table  1)  to  scaling  produc¬ 
tion  rates  independent  of  altitude,  although  the  original 
intent  of  using  these  data  (Kurz,  1986b)  was  to  account 
for  changes  due  to  solar  cycle  variations. 

The  remaining  approaches  described  inlhble  I  are  sim¬ 
ilar  in  method,  ahhwgh  not  identical.  Using  Lingenfelter 
(1963)  gives  agreement,  within  the  substantial  uncertain¬ 
ties.  between  the  production  rates  of  Kurz  et  al.  (1990) 
and  Ceiling  (1990)  (Table  1),  and  the  ^He  production  rate 
of  191  £  39  at  g~'  yr~'  is  adopted  for  exposure  age 
calculations  by  Brook  et  al.  (1993).  This  value  also  agrees 
well  with  a  preliminary  experimental  determination  of  the 
production  rate  in  water,  which  gives  —190  at  g~'  yr~' 
(Kurz  et  al.,  in  press).  It  should  be  emphasized,  however, 
that  at  present  there  are  significant  uncertainties  in  abso¬ 
lute  pi^uction  rates  and  scaling  factors.  Production 
rates  at  geomagnetic  latitudes  >—60°  are  not  affected  by 
changes  in  magnetic  field  strength,  as  suggested  for  Ha¬ 
waiian  production  rates  by  Kurz  et  al.  (1990),  although 
this  phenomenon  would  affect  production  rates  scaled 
from  lower  latitudes. 

SAMPLE  COLLECTION  AND  ANALYTICAL  METH(M)S 
Samples 

Most  of  the  samples  discussed  here  are  quartz  smid- 
stones  collected  from  a  well-exposed  sequence  of  mo¬ 
raines  in  Arena  Valley,  the  "Taylor  ll-IVb”  moraines 
and  drifts  in  the  informal  nomenclature  of  Denton  et  al. 
(1989).  The  sandstones  are  derived  from  rocks  of  the  Bea¬ 
con  Supergroup,  which  make  up  much  of  the  cliffs  sur¬ 
rounding  the  v^ley  (McElroy  and  Rose.  1987).  Stratigra¬ 
phy  and  relative  weathering  characteristics  indicate  that 
the  moraines  increase  in  age  in  the  order  Il-Ill-IVa-IVb 
(Bockheim,  1982;  Marchant,  1990).  Sample  locations  are 
shown  in  Figure  I  of  Brook  et  al.  (1993),  where  the  sam¬ 
pling  and  chronology  of  these  deposits  are  described  in 
more  detail.  Additional  samples  came  from  the  surface 
of  Taylor  Glacier  and  from  a  Taylor  Glacier  moraine  on 
the  north  wall  of  Taylor  Valley  near  Rhone  Glacier 
(Fig.  lb  of  Brook  et  al.,  1993).  In  general,  the  samples 
are  quartz  sandstones,  90-93%  quartz,  composed  of 
moderately  to  well-rounded,  moderately  sorted  quaru 
grains,  with  sizes  tanging  from  100  to  2000  pm.  The  larger 


(>1000  pm)  grain  sizes  are  relatively  rare.  Interstitial  he¬ 
matite  and  quartz  cement,  feldspar,  and  minor  percent¬ 
ages  of  clay  minerals  are  also  present.  An  appendix  to 
Brook  et  al.  (1993)  describes  the  samples  in  more  detail. 
Further  details  of  the  geology  of  the  region  and  the  pe¬ 
trology  of  the  Beacon  Supergroup  can  be  found  in  McEl¬ 
roy  and  Rose  (1987),  Matz  et  al.  (1972),  and  Mar- 
chant  (1990). 

Analytical  Methods 

Samples  from  the  upper  several  centimeters  of  the  rock 
were  cut  with  a  rock  saw,  disaggregated,  and  sieved. 
Mineral  separates  were  hand  picked  from  size  fractions 
ranging  fhm  0.3  to  2  mm  and  cleaned  ultrasonically  in 
acetone,  methanol,  aitd  ethanol.  For  the  samples  dis¬ 
cussed  here,  whole  quartz  grains  identified  under  a  bin¬ 
ocular  microscope  were  analyzed  (with  two  exceptions; 
see  IhUe  2).  Sample  sizes  generally  ranged  from  0.05  to 
0.1  g.  Samples  were  analyzed  by  crushing  in  vacuo  and 
melting  the  resulting  powder  in  a  vacuum  furnace  or  by 
melting  whole  grains  with  no  crushing  step.  (Additional 
samples  analyzed  only  by  melting  whole  grains  are  dis¬ 
cussed  by  Brook  et  al.,  1993.)  Crushing  releases  mostly 
helium  from  inclusions,  whereas  heating  releases  both 
helium  held  in  inclusions  and  helium  in  the  mineral  ma¬ 
trix.  In  olivine  and  clinopyroxene  phenocrysts  from  ba¬ 
salt,  this  separation  has  been  used  to  distinguish  helium 
present  in  the  rock  prior  to  exposure  from  cosmic-ray- 
produced  helium  (Kurz,  I986a,b). 

The  heb’um  released  was  measured  using  mass  spec- 
tiometric  techniques  described  elsewhere  (Kurz  et  al., 
1987).  Blanks  were  -3-6  x  10"  "  cm*  STP  (8-16  x  10* 
atoms)  for  *He  and  -3-8  x  lO'”  cm’  STP  (800-2000 
atoms)  for  ’He  and  are  small  (generally  <l%)  relative  to 
measured  concentrations.  One  sigma  analytical  errors 
are  reported  with  the  data  in  this  paper,  and  long-term 
replicate  measurements  of  quartz  and  basalt  glass  stan- 
di^s  indicate  a  Icr  reproducibility  of ’He  concentrations 
of  <5-7%. 

RESULTS  AND  DISCUSSION 
Noncosmogenic  Helium 

To  calculate  exposure  ages  for  quartz  samples,  the 
amount  of  ’He  present  in  the  rocks  due  to  processes 
other  than  cosmogenic  production  must  be  constrained. 
Possible  sources  include  radiogenic  production  via  the 
thermal  neutron  reaction  *Li(n,a)T  -» ’He  (Morrison  and 
Pine,  1933)  and  a  magmatic  or  mantle  component  (i.e.. 
’He  trapped  in  the  mineral  during  formation). 

As  described  above,  previous  studies  of  cosniogenic 
helium  employed  in  vacuo  crushing  to  separate  magmatic 
from  cosmogenic  ’He  in  olivine  and  clinopyroxene  phe¬ 
nocrysts.  Celling  (1990)  also  applied  this  technique  to 
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TABLE} 

Helium  Data  for  Aicoa  and  Taylor  Valley  Semplra  Analyzed  by  Cnnhinf  and  Mehuf 


Sample 

'He.  lo 
(10"alg-') 

•Her‘He„  la 

(R/R.) 

’He„  la 

(Kfaig-'l 

•He,  la 

(IO>-a>g~') 

•He/'He.  la 

(R/R.I 

•He,  la 

(KPai  g~'l 

‘He.  la 

(IO*aig-‘) 

l^ylor  11 

SCW87-4-1 

1.84 

0.01 

9.25 

0.12 

23.56 

0.31 

31.04 

0.4 

0.63 

0.07 

27.11 

2.81 

50.17 

2.83 

BW8447 

2.05 

0.01 

7.56 

0.04 

21.41 

0.13 

108.81 

5.79 

0.11 

0.04 

17.02 

5.94 

36.74 

5.97 

Base  of  Taylor  Glacier 

BW84-7I 

4.7 

0.01 

1.97 

0.02 

12.83 

0.16 

46.32 

0.16 

0.8S 

0.01 

54.36 

0.92 

66  41 

0.98 

Ikylor  111 

KBA89-50 

1.18 

0.01 

9.26 

0.10 

15.16 

0.17 

33.86 

0.26 

0.64 

0.02 

29.99 

0.74 

44.62 

0.78 

BW84-134 

1.93 

0.01 

7.56 

0.04 

20Z3 

0.12 

43.98 

0.93 

0.82 

0.02 

49.85 

1.39 

69.38 

1.42 

BW84-33* 

0.82 

0.01 

27.21 

0.21 

31.01 

0Z7 

62.99 

1.33 

0.57 

0.02 

49.61 

2.26 

79.65 

2.30 

BW84-33' 

0.19 

0.01 

24.74 

o.r 

6.44 

0.07 

34.66 

1.22 

1.67 

0.03 

80.05 

3.11 

85.96 

3.12 

Rbooe  Platform 

AA86-«c«l* 

41.5 

0.36 

0.28 

0.01 

15.97 

0.48 

53.27 

0.16 

0.46 

0.01 

33.84 

0.24 

48.37 

0.75 

AAtb^#!* 

22.29 

0.09 

0.27 

o.ot 

8.42 

0.13 

76.84 

1.63 

0.47 

0.02 

49.98 

2.0 

56.89 

2.08 

AA86-5 

4.83 

0.02 

3.03 

0.03 

20.25 

0.21 

21.66 

0.08 

2.46 

0.02 

73.86 

0.55 

93.71 

0.61 

tkylorlVZ 

KBAS9-45-l#l 

1.96 

0.01 

30.39 

0.21 

82.26 

0.73 

95.3 

1.05 

0.69 

0.03 

91.53 

4.06 

172.31 

4.18 

KBA8945-1«2 

1.29 

0.01 

50.66 

0.38 

90.38 

0.79 

44.93 

0.54 

1.09 

006 

67.6 

3.64 

1.57.28 

3.73 

KBAS9-4I-2 

2.36 

0.01 

8.78 

0.1 

28.62 

0.34 

74.78 

0.84 

051 

0.03 

52.99 

3.06 

80.44 

3.11 

KBAg9-40-l 

4.1 

0.01 

1.24 

0.03 

7.03 

0.14 

25.26 

0  38 

0.48 

0.05 

16.92 

1.73 

23.50 

1.74 

Taylor  IVb 

SCW87-3-r 

2.91 

0.01 

64.97 

0.4 

261.89 

1.91 

SCW87-3-1' 

18.05 

0.07 

9.78 

0.1 

244.47 

2.56 

26.42 

0  12 

13.64 

0.12 

498.79 

6.03 

742.58 

6.56 

AASb-H 

0.87 

0.01 

50.41 

0.24 

60.54 

0.31 

23.22 

0.09 

13.12 

0.06 

421.43 

2.57 

481.60 

2.59 

AA86.I5 

5.25 

0.02 

14.41 

0.07 

104.72 

0.71 

27.34 

0  15 

17.74 

0.05 

671.32 

4.2 

775.54 

4.26 

BW84-I(» 

2.35 

0.05 

55.72 

0.1 

180.96 

3.63 

38.07 

0.02 

7.71 

0.07 

406.04 

3.62 

586.38 

5.13 

Torr  above  IVb  limit 

AA86-I6 

0.46 

0.01 

147.69 

0.85 

93.73 

0.62 

44.6 

0.95 

9.88 

0.08 

609.62 

13.92 

702.66 

13.94 

Noi*.  He„,  He.,  aad  'He,  desmilc  heliuin  tcletued  by  crashing  (cr).  melting  the  residual  powder  Im).  and  cosmogenk  ’Hc(cl.  All  samples  are 
quam  sandstones  unless  noted. ‘Hef  He  ratios  are  repoi^  telalive  to  the  aimospherk  ratio  (R,  •  1.38  x  I0'*l.  Grain  size  is  0.5- 1  nun  unless 
noted.  Sample  locations  are  given  in  Brook  et  al.  (19931.  ’He^  «  ’He^-’He,.  where  ‘He,  is  radiogenic  helium,  calculated  assuming  a  radiogenic 
'He/‘He  production  ratio  of  0.01 1  ±  0.004  (tom  Trull  ei  al.  (1991).  and  using  the  total  concentration  of 'He  in  the  sample. 

'  Aggregates  of  O.I-O.S-nim  grains. 

*  Granite  boulder. 

'  Aggregates  of  0.2-0.5-mm  grains. 


’He  in  some  quartz  samples.  The  concentration  of 
trapped  (i.e..  magmatic)  ’He  in  olivine  and  clinopyroxene 
can  be  calculated  from  Eq.  2  (below);  ’He^  is  the  differ¬ 
ence  (Eq.  3)  between  total  and  trapped  ’He  (Kurz, 
I98db). 

’He„  -  (’HerHele^^Hel,  (2) 

’He.  -  I’He],  -  (3He]„.  (3) 

where  c,  tr,  cr,  and  t  refer  respectively  to  cosmogenic 
helium,  trapped  helium,  helium  released  by  crushing,  and 
total  helium.  This  calculation  relies  on  the  observation 
that  the  ’He  released  by  crushing  olivine  or  clinopyrox¬ 
ene  is  not  contaminated  with  ’He^  (Kurz,  1986b;  Ihill  er 
al.,  1991)  and  represents  magmatic  helium  trapped  in  the 
r<Kk. 

The  Dry  Valleys  oata  suggest  that  this  correction  is 
inappropriate  for  quartz.  Extremely  high  and  variable 


’He/*He  ratios  and  helium  concentrations  are  released  by 
crushing  quartz  in  vacuo  (Table  2  and  Fig.  I).  Even  rep¬ 
licate  crushing  of  the  same  sam^ile  in  some  cases  results 
in  highly  variable  ’He/*He  ratios  (samples  KBA89-4S  and 
SCW87-3-1).  Some  of  these  variations  might  be  caused 
by  differences  in  the  efficiency  of  the  crushing  process 
that  depend  on  sample  size  and  geometry.  The  variability 
in  ’He/*He  ratios,  however,  more  likely  reflects  the  mo¬ 
bility  of ’He  in  the  quartz  crystal  and/or  heterogeneity  of 
*He  concentrations,  since  similar  variability  is  not  ob¬ 
served  in  olivine  (Kurz.  1986a,b;  Kurz  et  al.,  1990).  This 
interpretation  is  supported  by  the  fact  that  accessory 
minerals  with  high  U  and  Th  concentrations  are  known  to 
be  heterogeneously  distributed  in  quartz  and  other  min¬ 
erals  (e.g.,  Caruso  and  Simmons,  1983).  The  ratios  and 
the  ’He  concentrations  roughly  correlate  with  the  total 
concentration  of  ’He  in  the  samples  (Fig.  1),  and  the 
highest  ’He/*He  ratios  (up  to  148  x  R.)  are  well  outside 
values  for  normal  continental  crustal  rocks  (Mamyrin 
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Tout  Hie  tat  s  ') 

nc.  1.  Total  ’He  (cnuhiag  ■+  melting)  plotied  agaiiut  ’He/'He  ra¬ 
tio  (R/R,.  when  R,  is  the  tlmospheric  ’He/*He  ratio:  I.3S4  x  |0**)  of 
helium  fcicased  by  in  iveuo  crashing  (top)  and  concentration  of  ’He 
released  by  in  vacuo  crashing  (bottom)  of  Arena  Vbticy  quanz  samples . 
Also  plotted  in  top  figure  (crosses)  are  data  fnxn  in  vorvo  cnishing  of 
olivme  and  cliiiopyroaene  from  Hasvaiian  lava  flows  (Kun,  l9Wb).Tbc 
data  show  a  rough  correlation  between  total  ’He  and  both  the  *He/*He 
ratio  and  ’He  concentration  released  by  crashing  quartz,  while  the  oKv- 
ioe  and  dinopyroxene  data  do  not  show  such  a  relationship,  indicating 
that  cosmotenic  helium  is  present  in  the  gas  released  by  crashing  quaru 
and  that  in  vacuo  crashing  therefore  cannot  be  used  to  correct  for 
trapped  ’He  in  quaru.  The  shift  in  the  Hawaiian  data  at  high  total  ’He 
related  to  dificrences  in  lava  geochemistry  that  are  not  related  to  cos- 
motcnic  processes.  One  sigma  error  bars  are  smaller  than  the  plot 
symbols. 

and  Tolstikhin,  1984).  These  observations  suggest  that 
much  of  the  ^He  released  by  crushing  is  cosmogenic. 
Regardless  of  the  origin  of  the  variability  in  the  crushing 
data,  correcting  the  quartz  data  for  an  inherited  or  non- 
cosmogenic  component  of  ^He  using  Eqs.  2  and  3  is 
clearly  inappropriate;  in  many  of  the  older  samples  this 
would  lead  to  a  correction  laiger  than  the  total  ’He  con¬ 
centration. 

Instead,  for  these  samples  the  assumption  is  made  that 
radiogenic  ’He  is  the  only  important  noncosmogenic 
component,  since  a  significant  mantle  or  magmatic  com¬ 
ponent  seems  unlikely  in  quartz  from  continental  envi¬ 
ronments.  The  magnitude  of  the  radiogenic  component 
can  be  constrained  by  using  the  measured  '*He  concen¬ 
tration  and  a  ’He/*He  production  ratio  for  radiogenic  he¬ 


lium  in  quartz.  Trull  er  n/.  ( 199 1 )  estimated  this  ratio  to  be 
0.011  %  0.004  X  R,,  based  on  the  ’He/*He  ratio  of  helium 
released  at  the  end  of  a  step  heating  experiment  using 
'bylor  IVb  sample  BW84-10S.  This  is  consistent  with, 
although  somewhat  higher  than,  calculated  ratios  for 
sandstones  (Andrews,  1983),  and  a  correction  based  on 
this  ratio  is  generally  less  than  3%  of  total  ’He  (Brook  e/ 
al.,  1993).  Because  the  correction  is  small,  the  fairly  large 
uncertainty  in  the  radiogenic  production  ratio  contributes 
little  to  uncertainties  in  ’He^.  However,  there  are  some 
difficulties  with  this  type  of  correction.  The  ratio  mea¬ 
sured  by  Trull  et  al.  (1991)  presumably  represents  only 
helium  in  the  quartz  matrix.  '*He  is  probably  produced  in 
accessory  minerals  and  at  grain  boundaries,  while  radio¬ 
genic  ’He  (via  *Li  (n.a)T)  is  probably  produced  within  the 
mineral  matrix  (the  stopping  distance  for  radiogenic  ther¬ 
mal  neutrons  should  be  significantly  shorter  than  for  a 
particles).  If  radiogenic  ’He  and  *He  are  lost  over  the 
lifetime  of  the  rock  at  different  rates,  the  correction  based 
on  a  radiogenic  production  rate  will  be  incorrect.  Be¬ 
cause  of  this  problem,  we  collected  a  sample  from  the 
surfiue  of  Taylor  Glacier  near  the  mouth  of  Arena  Valley. 
Boulders  on  the  glacier  surface  are  derived  from  loctJ 
cliffs  above  Arena  Valley,  are  analogous  to  material  input 
into  the  valley  in  the  past  ffaylor  Glacier  is  cold-based  at 
Arena  Valley),  and  should  have  low  exposure  ages  since 
Arena  Valley  is  ~30-40  km  from  the  farthest  upgiacier 
outcrops  that  would  be  the  source  for  boulders  on  the 
glacier  surface  (Brook  el  al..  1993).  The  total  concentra¬ 
tion  (tf ’He  in  sample  KBA89-91-2  (Table  3)  is  3.9  x  10^  at 
g~‘,  roughly  an  order  of  magnitude  greater  than  pre¬ 
dicted  if  all  the  ’He  in  the  sample  were  radiogenic,  but 
equivalent  to  an  exposure  age  of  —9000  yr  (Brook  et  al., 
1993).  The  additional  ’He  may  be  a  result  of  a  short  ex¬ 
posure  to  cosmic  rays,  it  may  be  radiogenic  if  the  ’He/ 
*He  production  ratio  varies  between  samples,  or  it  may 
represent  an  additional  trapped  ’He  component.  In  any 
case,  as  mentioned  above,  the  value  of  the  radiogenic 
correction  (typically  -  lO'  to  10^  at  g  ~ ')  is  generally  small 
relative  to  the  total  ’He  concentrations  (which  range  from 
—10^  to  10*  at  g' ')  in  the  Arena  Valley  samples  (Table  2 
and  Brook  et  al.,  1993).  suggesting  that  any  noncos¬ 
mogenic  component  is  small  in  these  samples.  Radio¬ 
genic  production  of  ’He  could  be  a  more  significant  prob¬ 
lem  in  samples  with  younger  exposure  ages,  depending 
on  *He  concentrations. 

Diffusion  of  Cosmogenic  Helium  in  Quartz 

Crain  size  effects.  Diffusion  experiments  performed 
by  Thill  et  al.  (1991)  indicated  a  diffiisivity  of  cosmogenic 
’He  in  quartz  of  2  x  lO"’®  cm*  sec'  ‘  (extrapolating  ex¬ 
perimental  data  to  0*C);  based  on  these  data  they  esti¬ 
mated  that  0.3-mm  grains  will  lose  less  than  10%  of  cos¬ 
mogenic  ’He  produced  in  1  myr.  This  low  diffusion  co- 
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TABLE  3 


Hdium  DM  for  Site  Fracttet  «f  Taylor  n  Snpl*  SCWS7-4-1 
and  Tayior  IVb  SaMi*  KBABR-ZS  aad  Toial  CoMcolraikm  for 
Taylor  Glaeicr  Saaoplc  KBASM14 


*He 

’HcTHc 

le 

*He 

la 

(mm) 

(io“«ia-*) 

(R4U 

Sue  ftKtioa  dua 

SOV<7-4-l 

0.4-0J 

40.18 

0.31 

0.79 

0.01 

43.88 

0.85 

0.5-0.71 

26.25 

0.15 

1.45 

0.02 

n.79 

0.89 

a7l-0.SS 

21.93 

0.10 

2.22 

0.03 

67.27 

0.81 

0.05-1.0 

40.53 

0.46 

1.65 

0.05 

92.72 

3.21 

I.0-I.3 

32.89 

0.38 

1.83 

0.00 

83ZI 

3.90 

1.3-I.6 

46.37 

0J2 

1.37 

0.05 

88.05 

3.42 

I.6-2.0 

50.43 

0.56 

1.87 

0.06 

130.66 

4.17 

KBAt9-25 

0.4-0.5 

23.92 

0.10 

7.41 

0.05 

245.26 

8.85 

0.5-0.71 

55.72 

0.66 

4.40 

0.08 

339.49 

1.87 

0.71-0.85 

45.68 

0.51 

8.62 

0.13 

544.72 

7M 

0.85-1.0 

190.79 

2.16 

2.14 

0.04 

565.86 

10.02 

I.0-I.3 

71.99 

0.81 

6.29 

0.08 

627.09 

12.58 

1.3-1.6 

172.58 

1.94 

3.10 

0.08 

740.68 

10.77 

1. 6-2.0 

33.37 

0.10  16.77 

Ihylar  Clieier  (Ufteoe 

0.15 

774.19 

19.76 

KBA8941-2 

0.5-1 

20.61 

0.16 

0.14 

0.01 

3.88 

0.26 

Not*.  AO  iaffl|)ies  aaaiyzed  by  nieliiiii  wtiok  fnins. 


efficient  suggested  excellent  retention  of  ^He  in  quartz, 
even  over  million-year  time  scales,  and  vrould  predict 
that  ’He  concentrations  should  not  vary  sigm'ficantly 
with  grain  size  in  the  Arena  Valley  samples.  Preliminary 
size  fraction  experiments  (ThiU  «t  til.,  IWI)  indicated  sig¬ 
nificant  grain-size  effects  that  suggested  larger  amounts 
of  loss,  however.  To  test  further  the  experimental  results, 
seven  size  fractions  (from  425  to  KKK)  iun)  of  sandstone 
samples  SCW87-4-1  and  KBA89-25  were  analyzed. 
SCW87-4-1  is  a  sample  from  the  laylor  II  moraine,  which 
is  —100,000  yr  old  based  on  correlations  with  other  de¬ 
posits  in  Taylor  Valley  (Denton  et  al.,  1989;  Marchant, 
1990},  and  has  ’He  and  '"Be  exposure  ages  ranging  from 
—100  to  —200,000  yr  (Brown  et  al.,  1991;  Brook  et  al., 
1993).  KBA89-25  is  from  the  Taylor  IVb  moraine,  which 
is  significantly  older,  with  ’He  and  '*’Be  exposure  ages 
ranging  from  I  to  2  myr.  The  resv’.ts  (Fig.  2  and  TaUe  3) 
for  the  Taylor  IVb  sample  show  an  increase  in  concen¬ 
tration  with  increasing  grain  size,  suggesting  size- 
dependent  loss  of  ’He.  The  results  for  the  laylor  II  sam¬ 
ple  also  show  a  size-dependent  increase  of  ’He  concen¬ 
tration,  but  with  a  more  complex  pattern  (Fig.  2). 

Size  fraction  results  and  mechanisms  of  ’/fe  loss. 
The  size  fraction  results  can  be  compared  to  predictions 
based  on  diffusion  modeling  to  give  more  insist  into  the 
problems  of  ’He  loss.  Figure  3  shows  the  ratio  of  the 
measured  concentration  in  each  size  fraction  (C)  to  the 
concentration  in  the  largest  size  fraction  (Co)  plotted 


FIG.  2.  Total  ’He  in  difldnii  size  fnetiom  of  Tiytor  U  aampie 
SCW(7-4-l  (bonoa)  aad  IbyhM’  IVb  ample  KBAt9-2S  (lop).  Inctiam 
were  obtained  by  bud  pickiag  iiiibrakco.  rouaded  iraiin  within  each 
sieved  fraction.  Data  show  a  sia  dependence  of  die  ’He  concenuation 
that  is  not  pecdicted  by  measuremenis  of  ’He  diSiisiaa  in  quailx  (Trail 
a  al.,  1991).  Sec  test  (be  Jetailed  discussion.  These  data  are  not  cor¬ 
rected  for  radiocenic  ’He.  but  these  cotreciions  would  be  msignifkant 
«l%).  Error  bars  are  lo  analytical  eirois. 


against  the  log  of  the  mean  grain  radius  (a)  for  five  dif¬ 
ferent  loss  rates,  described  in  terms  of  the  fraction  of ’He 
remaining  in  the  largest  grains.  These  values  are  com¬ 
pared  to  predictions  based  on  a  simple  model  of  the  pro¬ 
duction  and  diffusion  of  ’He  (Trull  et  al.,  1991)  that  de¬ 
scribes  the  fraction  of  ’He  remaining  in  a  grain  after  any 
time  interval  for  any  given  diffusion  coefficient,  assuming 
spherical  grains.  For  grains  experiencing  loss  by  simple 
volume  diffusion  the  points  should  fall  along  a  line  of 
constant  Dt  (product  of  diffusion  coefficient  and  time). 
The  calculations  for  KBA89-2S,  assuming  40%  loss  in  the 
largest  grains  (open  squares  in  Fig.  3),  do  fall  between  Dt 
to  10~  "  and  10~  but  assuming  a  true  exposure  age  of 
approximately  2  myr,  these  high  values  of  Dt  would  sug¬ 
gest  a  diffusion  co^cient  ID)  of  -1.5-5  x  10"'*  cm’ 
see'*,  approximately  two  orders  of  magnitude  higher 
than  the  measured  v^ue  of  2  x  cm’  sec~ '. 
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FIG.  3.  Line  Kgmenu  show  ink)  of  C  (’He  concentniioa  in  each 
size  tmethnt  to  Co  (‘He  anceiumkm  in  iMifesi  size  fiactioo)  calcu- 
lucdtirain  thcdsu  in  Figuft  2  for  diflereni  isles  of ’He  loss,  nil  plotted 
sctunst  the  lo(  of  the  ncan  |nin  ndiiu  (o).  The  symbols  designaied 
dWerau  sssumed  values  of  the  fnctioa  of  ’He  remsinitif  in  the  bifesi 
trains  (open  diimoods.  1.0;  closed  circles.  0.9;  open  squires,  0.7;  open 
circles,  0.3;  closed  squares.  0.31;  (be  data  for  the  other  grain  sizes  are 
normalized  to  that  value.  Labeled  dashed  lines  show  the  idaiiooship 
between  OCo  and  log  (o’!  predicted  by  a  simple  model  (Thill  ei  al.. 
1991)  of  the  pniduciioo  and  diffusion  of  ’He  in  homopeneous  rpherkal 
trains  undergoing  volume  diffusion  al  constant  values  of  log  (f>,l  (where 
D,  -  ddfosion  coefficient  >c  lime  in  units  of  cm’  sec"'  yr'*).  For 
KBA09-2S  the  dau  roughly  fit  model  values  of  f>,  •  I  x  I0~  "  to  3  x 
10'  ”  but  if  the  sample  has  been  exposed  for  2  myr.  as  suggested  by 
'*’Be  dau  for  similar  samples  (Brook  rt  of..  1992).  the  dau  suggest  a 
diffusion  coefficient  of -1.3-5  x  10' "  cm’  sec"'  for  ’He  in  quaru. 
approximately  two  orden  of  magnitude  higher  than  measured  values 
(TniU  ri  al.,  1991).  For  SCWt7,4-l  the  daU  do  not  fall  on  a  constant  D, 
path,  suggesting  an  even  more  complicated  behavior  of  cosmogenic  ’He 
in  this  sample. 


Sample  SCW87-4-I  reveals  an  even  more  complicated 
picture  of  ’He  loss.  The  results  are  not  consistent  with 
any  single  value  of  Di.  and  although  a  plateau  in  the  size 
vs  concentration  data  exists  (Figs.  2  and  3),  the  concen¬ 
tration  in  the  largest  size  fraction  is  considerably  higher 
than  in  the  three  fractions  that  make  up  the  plateau.  Even 
if  the  three  size  fractions  making  up  the  plateau  had  ex¬ 
perienced  no  ’He  loss,  the  dau  for  the  smaller  fractions 
would  not  be  consistent  with  a  single  value  of  Dt. 


'^Be  results  for  sample  SCW87-4-1  (Brown  era/.,  1991) 
provide  further  information  about  ’He  loss  from  this  sam¬ 
ple.  The  concentration  measured  in  O.S-  to  l-mm 
grains  of  this  sample  is  4.9  ±  0.4  x  10*  at  g~ and  (as¬ 
suming  "*Be  concentrations  are  not  size-dependent)  this 
gives  a  ’He/"*Be  ratio  of  26.7  ±  2.3  for  the  largest  size 
fraction  aiuUyzed  for  ’He  (1600-2000  |zm).  This  ratio  is 
within  uncertainty  of  the  ’He/'^Be  production  ratio  in 
quartz  of  -24  ±  7  that  can  be  calculated  from  the  dau  of 
Nishiizumi  el  al.  (1990).  This  is  important  for  two  rea¬ 
sons.  First,  it  suggests  complete  retention  of  ’He  in  the 
faugeti  size  fraction.  Second,  it  suggests  concordant  '^Be 
and  ’He  ages  of  —370,000  yr  (Brook  ei  al.,  1993).  signif¬ 
icantly  older  than  the  expected  age  of  -100,000  yr  based 
on  and  ’He  measurements  for  other  samples  on  the 
same  moraine  (Brook  ei  al..  1993)  and  correlations  with 
U-Th-dated  lake  deposits  (Denton  ei  al.,  1989),  indicat¬ 
ing  that  this  nuy  be  an  older  boulder  incorporated  into  a 
younger  deposit. 

Although  the  reasons  for  the  discrepancy  between  the 
step-heating  diffusion  experiments  and  the  size  fraction 
dau  are  not  clear,  there  ate  several  possibilities.  A  sig¬ 
nificant  extrapolation  of  the  experimental  dau  is  required 
to  estimate  the  diffusivity  at  0^  (Trull  et  al.,  1991).  A 
change  in  slope  in  the  D  vs  T  relationship  at  low  temper- 
a:ure  might  explain  the  apparently  anomalous  ’He  loss 
st^gested  by  the  size  fraction  dau.  In  addition,  for  at 
least  part  of  the  year,  rock  surfaces  can  experience  tem¬ 
peratures  of  up  to  ~1S*C  on  sunny  days  (McKay  and 
Friedman,  I98S).  ’He  diffusion  is  temperature- 
dependent.  and  surface  heating  may  contribute  to  the  ob¬ 
served  loss.  These  factors  cannot  explain  why  the  dau  do 
not  follow  a  constant  Dt  path,  however.  It  may  be  that  the 
bulk  grain  size  does  not  entirely  control  the  diffusion  path 
length  of  cosmogenic  ’He.  Diffusion  domain  size  may  be 
governed  by  factors  like  silica  cemenution,  cracking,  in¬ 
terna)  grain  boundaries  inherited  from  previous  histories 
of  the  grains  (e.g.,  ghosts  of  grain  boundaries  in  grains 
that  were  originally  part  of  older  quartzites),  or  by  nnore 
subtle  mineralogies  or  textural  features.  Many  such  fea¬ 
tures  are  visible  in  thin  section  in  these  samples,  includ¬ 
ing  strained  quartz  grains,  several  generations  of  silica 
cemenution,  internal  fracturing,  grains  with  domains  of 
varying  optical  extinction  angles  in  crossed  polarized 
light,  and  deformed  or  "meumorphic  quartz." 

The  general  trend  of  increasing  ’He  concentration  with 
increasing  grain  size  is  still  not  easily  expISned,  how¬ 
ever,  unless  the  domain-size  distribution  is  somehow  de¬ 
pendent  on  the  size  of  the  grains.  Postdepositional  alter¬ 
ation  (e.g.,  recrysullization  or  internal  fracturing  of 
grains)  might  affect  smaller  grains  more  than  larger 
grains,  and  in  this  respect  the  growth  of  quartz  rinds  on 
Antarctic  quartzites  (Friedman  and  Weed,  1987)  may  be 
important.  Crystal  damage  caused  by  the  spallation  pro¬ 
cess  might  also  enhance  ’He  diffusion  (Trull  et  al.,  1991). 
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Ejection  of  ’He  during  spallation  reactions  is  also  a  pos¬ 
sible  mechanism  that  would  give  rise  to  a  size-dependent 
concentration  trend  but,  given  a  probable  path  length  of 
SO  pm  or  less  for  the  spallation  products  (Trull  et  al.. 
1991),  this  mechanism  also  will  not  explain  the  observed 
loss,  predicting  maximum  concentration  differences  of 
approximately  10%  within  the  400-  to  2000-iun  size  frac¬ 
tion  (Trull  et  al..  1991,  and  Gilletti  and  Kulp,  I9SS,  dis¬ 
cuss  the  ejection  process  in  more  detail). 

Implications  for  geochronology.  Several  recent  stud¬ 
ies  have  suggested  significant,  and  in  some  cases  nearly 
complete,  loss  of ’He^  from  quartz  (Cerling,  1990;  Graf  et 
al.,  1991).  Although  the  grain-size  dependence  of  ’He 
concentrations  discussed  above  suggests  that  loss  does 
occur,  the  data  reported  here  and  in  Brook  et  al.  (1993) 
suggest  that  very  large  anmunts  of  loss  on  short  time 
scales  (i.e.,  <10,000  yr)  do  not  occur  in  the  Arena  and 
Taylor  Valley  samples.  In  particular,  paired  ’He  and  '*‘Be 
data  (Brown  et  al.,  1991 ;  Brook  et  al.,  1993)  suggest  that 
’He  loss  is  -30-30%  for  samples  with  exposure  ages  of 
-2  myr.  Whether  loss  from  similar  quartz  samples  is  less 
significant  for  lower  exposure  ages  (i.e. ,  <  100,000  yr),  an 
age  range  in  which  analysis  of  '*’Be  and  ’^Al  (but  not  ’He) 
become  limited  by  sample  mass  and  other  analytical  con¬ 
siderations,  still  remains  a  somewhat  open  question.  In 
light  of  the  additional  data  presented  here  and  in  Brook  et 
al.  (1993).  it  is  worth  examining  the  evidence  for  loss 
cited  by  Graf  et  al.  (1991)  and  Cerling  (1990).  For  exam¬ 
ple,  Oiling  (1990)  suggested  large  degrees  of  ’He  loss  in 
samples  with  young  (<20,000  yr)  exposure  ages,  based 
on  inconsistencies  between  ’He  results  and  independent 
chronological  information  for  three  samples.  One  of  the 
samples  was  a  microcrystalUne  quartz  infilling  in  an  Ant¬ 
arctic  basalt  ventifoct  (sample  8137);  the  significant  grain 
size  dependence  of  ’He  concentrations  observed  here  is 
the  likely  explanation  for  the  poor  retention.  A  second 
sample  was  a  quartz  mineral  separate  from  a  rhyoiiie 
(sample  8078)  believed  to  be  17,780  yr  oM.  The  helium 
data  for  this  sample  were  corrected  for  an  inherited 
component  using  crushing  data,  but  if  all  the  ’He  is  as¬ 
sumed  to  be  cosmogenic  (total  concentration  is  7.8  x  10* 
at  g~ ')  an  exposure  age  of  22,480  yr  is  obtained,  and  the 
difference  between  this  age  and  the  given  age  of  the  flow 
could  represent  a  radiogenic  ’He  component.  The  third 
sample  with  lower-than-expected  ’He  concentration 
(sample  8078)  was  from  a  moraine  boulder  in  a  deposit 
with  rock  varnish  '*C  ages  of  approximately  13,000  yr 
B.P.  (Dorn  et  al..  1987)  and  had  a  ’He  concentration 
lower  than  detection  limits.  Diffusion  may  be  the  expla¬ 
nation  for  this  discrepancy,  although  it  is  also  possible 
that  the  sample  may  l»ve  also  recently  lost  a  significant 
portion  of  its  surface  due  to  episodic  erosion  processes, 
perhaps  due  to  range  fires  (e.g.,  Emery.  1944;  Bierman 
and  Gillespie.  1991). 


Graf  et  al.  (1991)  reported  a  (’He.'’'Ne)c  ratio  of  <0.1 
for  one  sample  of  an  Antarctic  quartzite.  They  suggested 
less  than  10%  retention  of  ’He,,  based  on  reported  (’He/ 
’'Ne)c  ratios  of  >1  in  feldspars  in  meteorites.  An  anom¬ 
alously  high  ’'Ne^/’^Al  ratio  (-1.4)  in  this  sample  was 
interpreted  as  evidence  for  a  long  period  of  deep  burial 
(cosmogenic  ’^Al  will  decay  with  a  half-life  of  720.000  yr 
while  ’'Ne  is  stable),  but  ’’Nee  is  also  sensitive  to  radio¬ 
genic  production  by  reactions  such  as  '’0<a.n)’'Ne  (e.g.. 
Wetherill,  1954).  Corrections  for  radiogenic  production  of 
’'Ne  were  not  made  by  Graf  et  al.  (1991)  iMt  could  sig¬ 
nificantly  affect  the  (’He/”Ne)c  ratio. 

In  contrast,  Staudacher  and  Allegre  (1991)  measured 
’’Ne  and  ’He  in  our  sample  BW84-I0S  (Taylor  IVb  mo¬ 
raine),  finding  a  (’He/’'Ne)c  ratio  of  2.76.  Exposure  ages 
calculated  by  Staudacher  and  Allegre  with  the  ’He  and 
’’Ne  data  suggest  —30-40%  ’He  loss  from  this  sample, 
more  consistent  with  both  the  size  fraction  experiments 
described  above  and  '"Be  results  for  this  moraine  (Brown 
et  al..  1991;  Brook  et  al..  1993). 

The  data  reported  here  document  the  effect  of  grain 
size  on  cosmogenic  ’He  concentrations  and  the  lack  of 
concordance  with  measured  diffusivities.  They  indicate 
that  adequate  documentation  of  grain  size  and  grain  char¬ 
acteristics  are  crucial  for  undersunding  the  distribution 
of  cosmogenic  ’He  in  minerals.  Although  on  million-year 
time  scales  helium  is  not  quantitatively  retained  in 
quartz,  it  is  not  clear  that  this  problem  is  significant  on 
shorter  (i.e.,  <I00.(X)0  yr)  time  scales.  The  available  in¬ 
formation.  particularly  the  concordant  paired  '"Be  and 
’He  results  from  the  Taylor  11  moraine  (Brook  et  al., 
1993),  suggests  that  selection  of  large  grain  sizes  in 
younger  samples  can  minimize  loss  problems,  at  least  in 
Antarctic  samples.  At  higher  ambient  temperatures  in 
other  regions  loss  from  quartz  may  be  a  more  significant 
problem. 

CONCLUSIONS 

Extensive  investigation  of  cosmogenic  ’He  in  quartz 
reveals  several  issues  important  for  exposure  age  deter¬ 
mination.  Evidence  for  ’He  loss  in  older  samples  is  found 
in  detailed  analysis  of  different  quartz  size  fractions.  Un¬ 
usually  high  and  variable  ’He/*He  ratios  released  by 
crushing  quartz  grains  indicate  that  this  component  con¬ 
tains  cosmogenic  ’He  and  a  combination  of  crushing  and 
melting  analyses  cannot  discriminate  cosmogenic  from 
trapped  or  radiogenic  helium  in  quartz.  In  the  Antarctic 
samples  discussed  here,  however,  it  appears  that  almost 
all  (>—95%)  of  the  total  ’He  is  cosmogenic. 

The  ’He  diffusion  problem  in  quartz  is  important  and 
requires  further  investigation.  Because  ’He  detection 
limits  are  low.  it  is  important  to  establish  the  significance 
of  ’He  loss  due  to  diffusion  in  young  samples  (<100,000 
years)  in  which  sample  mass  and  detection  limits  can 
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become  limiting  factors  in  AMS  measurements  of  other 
cosmogenic  nuclides.  Available  evidence  suggests  that  in 
young  samples  the  ’He  loss  problems  may  be  tractable, 
when  appropriate  samples  and  grain  sizes  are  analyzed. 
In  climates  wanner  than  that  of  Antarctica,  ’He  loss  due 
to  diffusion  may  be  a  more  significant  difficulty.  In  such 
environments,  minerals  with  lower  ’He  diffusion  coeffi¬ 
cients,  such  as  olivine,  may  be  preferable  to  quartz  for 
surface  exposure  studies. 
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Chapter  4 

Chronology  of  Taylor  Glacier  Advances  in  Arena 
Valley,  Antarctica  using  in  situ  cosmogenic  ^He  and 
lOBe 
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In  sHu  praduoed  wnmtnlc  BudidH  ptnvide  a  aew  Mcfaaiqae 
far  oaostraiaiDg  exponre  a|et  of  glaelal  depcMte.  /«  jAv  *116  aad 
**Bc  in  quartz  wiiilMoBe  bouiden  fram  Ajcna  Valley,  Mudicra 
Victoria  Land,  Antarctica,  provide  ciironolotica]  coogreinu  tor  » 
aequeace  of  moiainci  (‘Taylor  O-IVb"  moiainca)  rdaeod  to  ez> 
paiitioiit  of  Taylor  Glackr  and  tbe  Eatt  Antarctic  loe  Sheet  Mean 
He  aft*  are  113,000  ±  43,000  yr.  200,000  ±  <7,000  yr.  333.000 
±  187,000  yr,  and  U  ±  0.2  oqrr,  far  Taylor  Il,in,IVa,  and  fVb 
aMrahiea,  rapectiveiy  (ntean  ±  la).  Coneiponding  aaean  **Bc 
aRti  far  Taylor  n  and  IVb  nanraiaH  ate  117,000  ±  51,000  yr  and 
2.1  ±  0.1  tnyr.  For  the  older  depothi  the  ’He  afet  arc  prohahiy 
loner  Hmitf  due  to  dUfiiaiae  lo^  Althoa|h  the  ezpoaure  aRta 
appear  ronratmt  with  the  tew  previam  aRC  eatimatea,  pertkoiariy 
nlih  an  iaoiope  aiaRe  3  aRe  far  Taylor  n,  each  nuralne  ezhOita  a 
BRMM  aft  fUwnDlinflB.  IDB  nwlQOaQB  pnOlBQr  nmtt  DOB  • 

variety  of  faceata,  which  aay  include  pte  espoauie  to  cnendc 
raya,  ^Hc  iaat.  eroaloB.  poatdcpoaltional  boulder  nwwent  and 
ladoRcnk  ptoduclion  of  *Hc.  Nonetbaleat  the  eapoame  aRia  pro¬ 
vide  direct  chrouolaRicH  conatraluta  far  the  utoralne  aequcnce, 
and  auRRcrt  a  utaaiiwnm  thMtmhn  of  Taylor  dadcr  relative  to 
the  preaent  ice  aurftoe  of  -300  at  ainoe  the  late  mootne-eaily 
PIflitorrnr.  etmiaMnyarwinniim. 


JNTRtXKJCnON 

The  excellent  preservation  of  suificia)  glacial  deposits 
in  Antarctica,  in  some  cases  for  up  to  several  million 
years,  provides  a  unique  long-term  glwial  record,  but  one 
that  has  until  now  lacked  absolute  chronological  control. 
Due  to  recent  advances  in  analytical  techniques,  cos- 
mogenic  nuclides  produced  in  situ  in  rocks  can  now  pm- 
vide  useful  information  about  exposure  ages  and  histories 
of  geological  surfaces,  particul^y  in  glaciated  regions 
(e.g.,  Orling,  1990;  Phillips  el  al.,  1990;  Nishiizumi  ei 
al.,  1991).  Application  at  in  situ  cosmogenic  nuclides  to 
Antarctic  glacial  geology  is  ideal  because  soil  develop¬ 


ment  and  weathering  rates  are  extremely  low  in  Antarc¬ 
tica.  This  f^r  describes  the  use  of  in  situ  cosmogenic 
^He  and  to  constrain  the  ages  at  (Quaternary  mo¬ 
raines  and  older  deposits  formed  by  Taylor  Glai^r  in 
Arena  Valley,  in  the  Dry  Valleys  region  of  Antarctica 
(Figs.  1  and  2).  This  well-expos^  moraine  sequence  has 
been  linked  with  interglacial  expansions  of  the  East  Ant¬ 
arctic  Ice  Sheet  (Denton  et  al.,  1989)  and  the  chronology 
of  these  deposits  may  have  important  ties  to  the  global 
climate  record.  Brown  er  al.  (1991)  previously  reported  wi 
situ  data  for  a  si '  set  ct  the  Arena  and  Tsylor  Valley 
samples;  iMw  '^Be  data  ate  reported  here  for  a  number  of 
additional  samples.  A  companion  paper  (Brook  and 
Kurz.  1993)  discusses  the  systematks  of  cosmogenic  ’He 
in  these  samples,  and  some  aspects  of  the  methodology, 
in  more  detail. 

QUATERNARY  MORAINES  IN  ARENA  VAUEY 

Arena  Valley,  a  hanging  valley  on  the  southern  side  of 
upper  Taylor  Glacier  (Figs.  1  and  2),  contains  an  exten¬ 
sive,  well-preserved  sequence  of  rtwraines  composed  of 
boulders  (k  Jurassic  Ferrar  Dolerite,  Beacon  Supergroup 
sandstones,  and  a  small  percentage  of  granitic  rocks 
(Bockheim,  1982;  McElroy  and  Rose,  1987).  The  mo¬ 
raines  were  formed  as  lateral  moraines  of  Taylor  Glacier 
when  Taylor  Glacier  ice  expanded  into  the  valley  (Figs.  1 
and  2).  Because  Taylor  Glacier  drains  the  McMurdo 
Dome,  a  peripheral  ice  dome  of  the  East  Antarctic  Ice 
Sheet,  the  moraine  sequence  records  changes  in  the  size 
t^Thylor  Glacier  and  this  pan  of  the  polar  plateau  (Den¬ 
ton  et  al.,  1989;  Marchant,  1990).  Rock  weathering,  soil 
devek^ent,  and  stratigraphic  relationships  indicate  that 
the  relative  ages  of  these  deposits  increase  from  Taylor  11 
to  Taylor  IVb  (Bockheim.  1982;  Denton  et  al.,  1989; 
Marchant,  1990).  There  is  little  absolute  chronological 
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FIC.  1.  'bykir  Vilky  and  Diy  Vkiky  refiaa.  Hitched  ic|iaa  riwwi  locitiaa  of  Arena  VUIcy  (Fi(.  2).  The  McMindo  Dome  of  the  Ean  Antarctic 
lee  Sheet  is  at  the  cd(e  of  the  polar  ptaeau,  and  both  Ihylor  and  Fenv  placien  flow  directly  ftom  McMurdo  Dome. 


control  for  these  deposits  in  Arena  Valley,  but  U-Th  Arena  VaUey  moraines,  samples  were  collected  from  a 
dating  of  lake  carbonates  in  lower  Thylor  \Wley  (Hendy  Taylor  Glacier  moraine  on  the  north  wall  of  Taylor  Valley 
tt  al,  1979).  suggests  that  Ihylor  Glacier  and  the  East  near  Rhone  Glacier  (Fig.  I).  and  from  the  surface  of 
Antarctic  Ice  Sheet  advance  during  global  interglacial  pe*  Quartermain  Drift,  a  glacial  drift  older  than  the  oldest 
riods,  when  moisture  supply  to  interior  east  Antarctica  Taylor  moraines  (Marchant,  1990).  Samples  from  boul- 
incteases.  Denton  et  al.  (1909)  and  Marchant  (1990)  cor-  ders  on  the  surfime  of  Taylor  Glacier  were  also  collected 
related  the  Taylor  U  and  Thylor  III  motarnes  in  Arena  forexamining  the  production  of  cosmogenic  nuclides  dur- 
VaJley  with  isotope  stage  S  and  7  moraines  in  lower  Thy-  ing  glacial  transport. 

krr  Valley  on  the  basis  ot  soil  development  and  weather-  Samples  were  collected  from  the  tops  of  relatively  bor¬ 
ing  characteristics.  Apart  from  these  correlations  and  the  izontal  (slopes  normally  less  than  10^  15°)  boulder  sur- 
'**Be  and  ^*A]  data  Brown  et  al.  (1991)  (discussed  be-  foces,  and  wherever  possible  samples  were  taken  from 
low),  there  are  no  prior  age  constrainls  for  these  deposits,  the  moraine  crest.  Altitudes  were  determined  ftom  altim¬ 
eter  measurements  calibrated  with  surveyed  bench- 
SAMPLE  COLLECTKN>(  marks.  Measurement  of  surrounding  topography  using  a 

hand-held  clinometer  indicated  no  significant  shielding 
Samples  were  collected  in  the  austral  summers  of  1984.  effects  (e.g.,  Nishiizumi  r>  ul..  1989;  Zreda  ef  a/.,  1991) 
1986,  1987.  and  1989  (Figs.  I  and  2).  In  addition  to  the  and  no  corrections  to  the  data  for  boulder  geometry 
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no.  2.  (a)  Aerial  phorocraph  of  Arena  Valley  and  Tiylor  Glacier  showing  the  outer  limits  of  the  moraine  sequence  discussed  in  the  text. 
Moraine  ridges  are  composed  of  sandstone,  granite,  and  dolerite  boulders  ranging  in  size  from  to  30  m’.  Note  that  the  Taylor  III  deposit 
consists  of  rwo  single  ridges  superimposed  on  the  older  Thylor  IVa  drift.  Photo  is  an  enlargement  of  a  ponioo  of  an  aerial  photograph  ITMA  2e«5. 
Frame  1491  available  from  the  U.S.  Geological  Survey.  Location  of  Arena  Valley  is  shown  in  Figure  lb.  Scale  is  approximately  1:13.500.  (bl 
Locations  of  samples  discussed  in  the  text;  sample  locations  were  located  usirtg  air  photographs.  Only  the  outermost  moraine  loop  in  each  sequence 
is  shown.  All  sample  locations  as  shown,  except  for  SCWg7-M.I-2.  -3,  -4,  and  -5.  and  KBA89-9I-:  The  SCW87  samples  were  collecied  from  the 
moraines  show  n  lexcept  for  SCWg7- 1  and  -2  which  are  from  the  surface  of  the  large  patch  of  Quanermain  DriftI  but  exact  locations  are  not  known. 
KBA89-9I-2  was  collected  from  the  surface  of  Taylor  Glacier  near  the  mouth  of  Arena  Valley. 


were  made.  Most  of  the  samples  are  sandstones,  although 
a  few  are  granites  containing  large  (>l  mm)  quartz 
grains.  Sample  descriptions  are  compiled  in  the  Appen¬ 
dix.  Sample  processing  and  analytical  techniques  for  ^He 
and  ’"Be  are  described  in  Brook  and  Kurz  (1993)  and 
Brown  el  al.  (1991). 

EXPOSURE  AGES  AND  ACE  DISTRIBUTION 

To  calculate  exposure  ages.  'He  concentrations  were 
corrected  for  radiogenic  production  of  ’He  (Brook  and 


Kurz.  1993),  and  ’He  and  '"Be  concentrations  were  ad¬ 
justed  for  the  depth  of  the  sampling  interval  (normally  I 
to  S  cm,  see  Appendix),  and  scaled  to  sea  level,  as  de¬ 
scribed  by  Brook  and  Kurz  (1993).  Using  a  sea-level  ’He 
production  rate  of  191  -  59  at  g' '  yr"  ‘  (Brook  and  Kurz. 
1993)  and  a  sea-le\el  '"Be  production  rate  of  7  ±  1.4  at 
g~'  yr~'  (based  on  the  Nishiizumi  ei  al.  (1989)  produc¬ 
tion  rate  scaled  to  high  latitude,  and  assuming  a  20% 
uncertainty)  these  values  were  converted  to  ages  using 
Eq.  I  (for  ’He.  a  stable  isotope)  and  Eq.  2  (for  '"Be. 
half-life  =  1 .5  myr). 


98 


BROOK  ET  AL. 


where  I  is  age,  P  is  production  rate,  n  is  concentration, 
and  It  is  the  decay  constant. 

Exposure  ages  based  on  these  equations  are  model 
ages,  subject  to  several  assumptions.  Production  rates 
must  be  known  as  a  function  of  altitude,  latitude,  and 
time.  Samples  must  be  closed  systems  (no  loss  or  gain, 
except  by  in  situ  production).  Because  the  cosmic-ray 
flux  decreases  with  depth  in  the  rock,  erosion  and  cover 
by  overlying  material  must  be  minimal  or  constrainable. 
In  the  case  of  boulders  in  glacial  deposits,  prior  exposure 
to  cosmic  rays  before  deposition  must  also  be  consid¬ 
ered. 

The  exposure  ages  for  both  isotopes  (Figs.  3  and  4) 
show  bro^  distributions  within  each  deposit,  which  must 
result  from  some  combination  of  the  above  factors.  Ero¬ 
sion,  soil  or  ice  cover,  and  diffusion  reduce  the  apparent 
exposure  age.  In  contrast,  anomalous  trapped  or  radio¬ 
genic  components  (i.e.,  not  included  in  corrections)  or 
previous  exposure  to  cosmic  rays  would  increase  the  ap¬ 
parent  age.  Many  of  these  factors  can  be  at  least  partially 
constrained  vrith  available  information  and  are  discussed 
below. 

Erosion,  for  example,  should  not  have  a  mayor  effect 
on  ^He  exposure  ages.  Brown  al.  (1991)  calculated  a 
model  erosion  rale  of  -1-2  x  lO"’  g  cm"^  yr"'  (-0.4- 
0.8  X  10~’  cm  yr~ ')  for  a  subset  of  these  samples,  based 
on  “*Be  and  ”AI  data.  The  effect  of  erosion  on  the  ap¬ 
parent  ’He  age  is  described  by; 

/' =|(1 -e-^'^).  (3) 

where  i'  is  apparent  age,  E  is  erosion  rate  (g  cm~’  yr~ '). 
L  is  attenuation  length  in  rock  (—160  g  cm~’:  Brown  ei 
al..  1992;  Kurz,  1986),  and  t  is  true  age.  Erosion  rates  of 
1-2  X  10"’  cm”’  yr”‘  have  minimal  effect  on  ’He  ex¬ 
posure  ages  younger  than  2  myr.  For  example,  with  an 
erosion  rate  of  I  x  10”’ g  cm”’ yr”',  and  a  true  a^  of 
2  myr.  the  apparent  age  is  1.9  myr,  a  S%  underestimate. 
Individual  boulders  might  erode  at  more  rapid  rates,  how¬ 
ever.  and  in  some  cases  spall  large  portions  of  their  sur¬ 
faces  or  split  into  two  or  more  pieces.  These  processes 
might  explain  some  of  the  scatter  in  Figure  3.  particularly 
for  the  older  moraines  where  the  apparent  results  of  such 
processes  are  often  observed  in  the  field;  however,  every 
effon  is  made  to  avoid  collecting  such  samples.  Erosion 
will  affect  '**Be  ages  more  significantly  (the  effect  can  be 
calculated  by  replacing  X  in  Eq.  2  with  (X  +  EIL])\  for  the 
scenario  above,  the  apparent  age  for  ’’’Be  would  be  —1 .8 


myr,  and  the  effect  is  more  significant  for  older  deposits 
(Brown  et  al.,  1991).  Because  erosional  losses  based  on 
the  "*Be-based  erosion  rates  are  relatively  minor  and. 
because  of  the  inherent  uncertainty  associated  with  con¬ 
straining  the  erosional  loss,  no  erosion  corrections  are 
made  to  the  ages. 

Significant  soil  cover  in  the  past  also  seems  unlikely 
because  all  of  the  samples  were  collected  at  or  near  crests 
cf  distinct  moraines  and  most  of  the  material  carried  by 
Thylor  Glacier  today,  at  least  on  the  glacier  surface,  ap¬ 
pears  to  be  in  the  form  of  large  boulders  (personal  obser¬ 
vation).  In  addition,  there  appears  to  be  no  general  cor¬ 
relation  between  boulder  siu  and  exposure  age  (see  Ap¬ 
pendix  for  sizes)  as  might  be  expected  if  the  boulders 
were  gradually  uncovered  by  erosion  of  surrounding, 
finer  grained  material. 

Radiogenic  production  of ’He  also  does  not  appear  sig¬ 
nificant.  Brook  and  Kurz  (1993)  describe  corrections  to 
the  ’He  data  for  a  component  produced  by  nuclear  reac¬ 
tions  within  the  rocks.  These  corrections  are  applied  to  the 
data  in  lable  1  and  in  most  cases  are  much  less  than  5%  of 
total  ’He  and  only  greater  than  S%  for  ICBA89-94.  KBA89- 
97,  and  KBA9I-2  ( 14.3. 6.5,  and  8.1%.  respectively).  There¬ 
fore,  it  is  not  likely  that  an  error  in  the  correction  couh) 
explain  the  broad  distribution  of  ages  in  Figure  3. 

Prior  exposure  to  cosmic  rays  is  a  more  difficult  issue 
to  resolve.  Most  of  the  debris  carried  by  Taylor  Glacier 
probably  originally  fell  on  the  surface  of  the  glacier  from 
surrounding  cliffs:  the  glacier,  at  least  now.  is  cold-based 
west  of  Arena  Valley  (Robinson.  1984)  and  presumably 
does  not  incorporate  much  bedrock  debris  into  basal  lay¬ 
ers.  A  sandstone  sample  collected  from  the  surface  of  the 
glacier  near  the  mouth  of  Arena  Valley  had  an  exposure 
age  of 9000  ±  3000  yr  (Table  I .  sample  KBA89-9I).  If  this 
low  exposure  age  is  typical  of  debris  carried  by  the  gla¬ 
cier,  then  ’He  production  during  glacial  transport  is  min¬ 
imal  relative  to  the  ages  of  the  moraines  in  Arena  Valley. 
This  seems  reasonable  because  current  Taylor  Glacier 
velocities  are  on  the  order  of  1-15  m  yr”'  (Robinson, 
1984)  and  cliffs  surrounding  Finger  Mountain  (at  maxi¬ 
mum  —10  km  away)  probably  supply  most  of  the  debris 
deposited  in  Arena  Valley  (Fig.  1).  which  suggests  a  max¬ 
imum  lO.OOO-yr  travel  time.  However,  possibly  some 
boulders  were  exposed  in  cliff  outcrops  prior  to  incorpo¬ 
ration  into  the  glacial  system,  and  this  could  be  an  im¬ 
portant  cause  of  outlying  points  in  the  age  distributions. 

Outlying  ages  would  also  result  if  younger  glacial  ad¬ 
vances  incorporate  boulders  from  older  moraines  within 
Arena  Valley.  In  addition,  particularly  in  the  Taylor  III 
moraine,  it  is  possible  that  older  boulders  exposed  in 
"windows”  through  the  younger  moraines  might  be  sam- 
|ded  inadvertently.  This  could  explain  the  outlying  ages  in 
the  Taylor  111  age  distribution,  panicularly  given  that  the 
'bylor  111  boulders  are  deposited  directly  on  the  older 
Taylor  IVa  drift  and  moraines  (Fig.  2). 
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to  Ikytor  IVb  moraines  end  Quencnnein  Dtifl  from  leble  I.  CkMcd 
circles  show  ’He  e(es,  open  circles  show  "Be  ages.  The  open  trungles 
show  two  ’He  ages  bas^  on  the  ’He  dau  for  1.6-  to  2-siffl  grains  for 
samples  SCWg7-4-l  nhylor  111  and  KBAt9-23  (Ihylor  IVbl  from  Brook 
and  Kun  (1993).  Note  the  close  agreement  between  ’He  age  and  "Be 
age  for  SCWg1-4-l.  suggesting  no  significant  loss  of  ’He  in  this  size 
fraction.  In  the  Taylor  IVb  distribution  only  the  data  for  1000-  to  2000- 
iua  quartz  for  sample  KBAt9-l9  is  plotted  (IhUe  I).  One-sigma  error 
bars  include  analytical  unccrtainiies  only,  allowing  comparison  of  ca- 
posure  ages  within  each  moraine.  For  most  of  the  ’He  ages  the  error 
bars  arc  smaller  than  the  pfol  symbols.  (B)  Inset  shorn  **Be  and  ’He 
ages  for  laylor  n  in  expanded  scale;  the  dau  suggest  that  ’He  loss  may 
lUM  be  significani  far  samples  <->100.000  yr. 

The  most  important  violation  of  the  assumptions  nec¬ 
essary  for  calculating  a  ’He  exposure  age  is  that  ’He  does 
not  appear  to  be  completely  retained  in  some  of  these 
samples  (Brook  and  Kurz,  1993).  For  grains  of  uniform 
size,  in  samples  with  the  same  deposition  age.  diffusion 
might  be  expected  to  lower  the  exposure  age  of  all  sam¬ 
ples  uniformly.  Some  of  the  scatter  in  the  ’He  ages  in 
Figure  3.  however,  may  be  a  result  of  different  loss  rates 
for  different  samples,  due  to  differences  in  grain-size  dis¬ 
tribution  within  the  size  fraction  or  other  physical  iwop- 
enies  (e.g.,  microcracks,  silica  cementation)  that  nay 
influence  diffusion  rates. 

In  summary,  several  types  of  processes  may  affect  the 
exposure  ages  of  individual  moraine  boulders  in  Areta 
Valley,  and  probably  exposure  ages  of  all  glacial  deposits. 
The  relative  importance  of  all  of  these  problems  will  de¬ 
pend  on  the  geological  situation  and  the  isotopic  system 
used.  It  is  inqwrtant  to  recognize  that  data  from  individ¬ 
ual  boulders  must  be  interpreted  with  caution  and  that 
multiple  samples  from  individual  deposits  are  necessary 
to  obtain  adequate  chronological  information. 

CHRONOUXilCAL  INTERntETATION 
Exposure  Age  Distribution 

Exposure  ages  are  potentially  useful  as  both  absolute 
and  relative  ages.  Although  quoted  uncertainties  in  the 


’He  and  '"Be  ages  are  large  (Table  I ).  this  is  primarily  due 
to  the  large  uncertainties  (—30%  for  ’He  and  20%  for 
'"Be)  adopted  for  the  production  rates.  Both  arc  fairly 
conservative,  although  they  probably  represent  reason¬ 
able  present  uncertainties  in  determining  production 
rates  and  scaling  them  for  latitude  and  altitude.  If  expo¬ 
sure  ages  ate  used  as  relative  ages,  the  production  rate 
uncertainties  are  not  as  relevant,  however,  and  analytical 
uncertainties  (long-term  reproducibility  for  samples  of 
this  type  is  generally  on  the  order  of  3-7%  for  ’He  and 
'"Be)  are  more  appropriate  for  comparing  ages  of  differ¬ 
ent  samples  (Figs.  3  and  4). 

Use  of  the  exposure  ages  in  either  a  relative  or  absolute 
context,  however,  requires  interpretation  of  the  age  dis¬ 
tribution  within  single  deposits.  If  the  processes  leading 
to  distribution  are  random,  then  the  mean  age  would  be 
an  appropriate  estimate  of  the  true  age.  However,  the 
processes  leading  to  older-than-expected  ages  (e.g.,  pre¬ 
vious  exposure  or  a  radiogenic  signal)  may  be  distinctly 
different  than  processes  that  lead  to  younger-than- 


’HeAgedO’yr) 

FIG.  4.  (A)  Scalier  ploi  shows  relalionship  between  ’He  and  '"Be 
ages  for  all  samples  analyzed  for  both  isoiapes.  Open  squares,  laylor  II: 
open  circles.  Ihylor  111;  closed  squares,  laylor  IVa;  closed  circles.  Tay¬ 
lor  rVb;  closed  Iriingles,  (Tuanermain  Diifr;  open  diamonds.  Rhone 
Platform  and  moraine  at  base  of  Taylor  Glacier:  open  irianflc.  ate  frir 
sample  SCW87-4-I  calciilaied  with  ’He  data  from  1.6-  lo  2-fflm  trains 
(Brook  and  Kurz.  1993).  For  ihe  oMesl  sample  (KBAI9-I06).  the  ■'Be 
ate  is  ploued  as  a  lower  limit  because  ’’Be  concentrations  are  near 
steady  suie.  The  teneni  relationship  suttesis  about  40-30%  lots  of 
’He  from  quartz  over -2  myr:  the  significant  scatter  is  probably  a  result 
of  difleicni  loss  rates  for  differem  samples  doe  to  difleiences  in  grain 
size  or  other  physical  propenies.  Error  bars  arc  propagated  analytical 
error  only  (lo)  to  allow  comparison  of  relative  sample  ages.  (B)  Inset 
shows  ail  samples  with  ”Be  and ’He  ages  <300.000  yr;  arrow  shows  the 
relalionship  between  ’He  ages  for  SCW87-4-i  calculated  whh  data  from 
0.3-  to  l-mm  grains  (open  square)  and  1.6-  to  2-mm  grains  (open  trian¬ 
gle).  in  general,  these  dau  suggest  minimal  ’He  loss  in  these  samples, 
ahhough  these  are  tome  unresolved  complexhies  in  the  dau  for  the 
youngest  samples  (see  text  and  Brown  a  at..  1991). 
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expected  ages  (e.g.,  erosion,  past  soil  cover,  diffusion).  If 
the  latter  dominate,  the  oldest  age  in  the  distribution  is 
closest  to  the  true  age;  if  the  former  dominate,  the  young¬ 
est  age  would  be  closest  to  the  true  age.  In  reality,  of 
course,  it  is  not  necessary  that  either  process  dominate 
the  distribution,  making  it  more  difficult  to  choose  the 
best  age  estimate. 

Table  2  summarizes  the  maximum,  mean,  and  median 
^He  and  '*‘Be  exposure  ages  for  the  four  laylor  moraines, 
and  independent  age  estimates  based  on  previous  work. 
Because  it  is  likely  that  processes  like  diffusion  and  ero- 
sitHi  lower  some  apparent  exposure  ages  the  lowest  ages 
in  each  distribution  are  not  considered  as  valid  age  esti¬ 
mates.  Also,  two  samples  that  appeared  anomalous 
based  on  both  ^He  and  "*Be  data  were  omitted  from  the 
calculations  of  Table  2.  The  oldest  sample  in  the  Taylor 
III  moraine  (SCW87-S)  has  a  ’He  age  of  6S4.000  ± 
202,000  yr  (and  a  '**Be  age  of  1 .2-0.3/ ->-0.4  myr)  and  can 
be  rejected  at  >90%  confidence  using  a  simple  Q-test 
(Shoemaker  et  at.,  1989);  as  suggested  above,  it  is  likely 
that  this  boulder  is  actually  an  older  Ikylor  IVa  or  IVb 
boulder  exposed  in  the  Taylor  III  moraine.  Sample 
SCW87-4-I  was  omitted  from  calculations  for  'fiiylor  II 
since  both  the  '*'Be  data  and  the  ’He  data  for  individual 
size  fractions  (Brook  and  Kurz,  1993)  indicate  an  age  of 
~370,000  yr,  well  outside  the  values  for  other  Taylor  11 
samples  (Table  I). 

Which  of  the  values  compiled  in  Ihble  2  is  the  best 
approximation  of  the  true  age?  As  mentioned  above,  one 
approach  is  to  take  the  highest  value  for  each  moraine  as 
the  best  estimate  of  true  age,  reasoning  that  erosion  is  the 
dominant  process  affecting  the  exposure  ages  (e.g.,  Phil¬ 
lips  et  at. ,  1990).  This  assumes  that  prior  exposure  is  not 
an  important  process  and  that  outlying  points  in  the  age 
distributions  can  be  successfully  recognized.  The  validity 
of  the  mean,  median,  or  maximum  age,  however,  may 
depend  on  exposure  time.  In  the  older  deposits,  pro¬ 
cesses  that  lower  the  ’He  or  '*’Be  exposure  age  relative  to 
the  true  age  (i.e.,  ’He  loss,  erosion,  past  soil  cover)  are 
probably  much  more  significant  than  in  younger  deposits. 
In  addition,  the  effects  of  prior  exposure  should  be  less 
evident  in  the  older  deposits  (Brown  et  at.,  1991).  Thus, 
the  maximum  age  may  better  estimate  the  true  age  for 
older  deposits.  In  contrast,  for  younger  deposits  the 
mean  or  median  may  be  a  more  appropriate  measure  of 
the  age,  and  this  logic  was  used  by  IWIlips  et  at.  (1990)  in 
interpreting  ’*CI  a^s  for  younger  deposits  in  the  Bloody 
Canyon  moraine  sequence  in  northern  California.  Given, 
however,  that  the  assumptions  discussed  above  are  diffi¬ 
cult  to  test,  the  median  age  is  an  appropriate  approxima¬ 
tion  of  the  true  age  because  it  is  least  affected  by  the  form 
of  the  age  distribution.  For  the  Arena  Valley  moraine 
sequence,  the  mean  and  median  ages  are  very  similar 
(Table  2),  suggesting  a  normal  distribution  of  ages.  In 
addition,  mean  and  median  ages  for  Ihylor  11  agree  well 


with  a^s  based  on  correlations  with  U-Th-dated  depos¬ 
its  in  lower  Taylor  Valley  (Hendy  er  at..  1979;  Denton  et 
at..  1989;  Maichant.  1990)  Gable  2). 

Constraints  from  Paired  *He  and  Data 

As  suggested  by  the  above  discussion,  some  of  the 
problems  leading  to  the  distribution  of  ages  for  a  sin^e 
deposit  can  be  addressed  by  measuring  more  than  one 
cosmogenk  nuclide  in  the  same  sample.  For  example,  if 
samples  have  been  exposed  previously  to  cosmic  rays, 
and  then  buried  (either  in  glacier  ice  or  soil),  radioactive 
nuclides  like  ’*C1,  ’‘Al,  and  '"Be  (half-lives  300.000  yr, 
720,000  yr,  and  l.S  myr,  respectively)  will  not  have  sig¬ 
nificant  “memory”  of  the  prior  exposure  as  stable  cos- 
mogenic  nuclides  (’He,  ’’Ne).  In  addition,  the  radionu¬ 
clides  listed  above  should  not  have  diffusion  problems. 

Together,  the  ’He  and  '"Be  data  described  here  provide 
some  constraints  on  the  origin  of  the  age  distributions  and 
the  validity  of  ages.  '"Be  ages  are  significantly  greater 
than  ’He  ages,  except  for  the  Taylor  II  samples  (Figs.  3 
and  4).  There  are  two  possible  explanations  for  this.  The 
production  rates  chosen  for  the  age  calculations  may  be 
incorrect;  the  ’He  production  rate  would  have  to  be 
lower,  or  the  '"Be  production  rate  higher,  to  bring  the 
ages  closer  to  concordance.  Given,  however,  that  the 
'"Be  production  rate  used  agrees  well  with  independent 
estimates  (Brown  et  at.,  1991 )  and  that  other  estimates  of 
the  ’He  production  rate  are  only  lS-20%  lower  than  the 
rate  used  here  (Brook  and  Kurz.  1993),  loss  of ’He  due  to 
diffusion  is  probably  the  dominant  factor  controlling  the 
discordance  between  ’He  and  '"Be  ages  for  samples  older 
than  Taylor  II.  In  theory,  it  is  also  possible  that  the  cor¬ 
rection  for  radiogenic  ’He  is  too  large,  although  in  gen¬ 
eral  this  would  cause  the  difference  between  ’He  and 
'"Be  ages  to  be  greatest  for  the  youngest  samples,  which 
is  not  the  case  (Figs.  3  and  4).  The  fact  that  the  discrep¬ 
ancy  between  ’He  and  '"Be  ages  is  not  a  smooth  function 
(Fig.  4)  suggests  that  some  of  the  scatter  in  the  age  dis¬ 
tributions  is  a  result  of  different  rates  of  ’He  loss  for 
samples  from  the  same  moraine.  The  general  trend  (Fig. 
4)  of  —40-50%  loss  over  2  myr  is  consistent,  however, 
with  estimates  of  loss  due  to  diffusion  based  on  grain-size 
experiments  (Brook  and  Kurz,  1993)  and  on  ’He/’'Ne 
ratios  in  one  Taylor  IVb  sample  (Staudacher  and  AUegre, 
1991). 

For  Taylor  II.  the  mean  and  median  ’He  and  '"Be  ages 
agree  fairly  well  (Table  2  and  inset  in  Fig.  4).  These  data 
suggest  that  ’He  loss  is  not  significant  over  —100,000  yr 
of  exposure  to  cosmic  rays.  In  detail,  however,  there  are 
some  utuvsolved  complexities  in  the  Taylor  II  data.  Two 
of  the  Ikylor  II  samples  (BW84-87  and  KBA89-70-I)  and 
one  Taylor  111  sample  (BW84-134)  have  ’He  ages  older 
than  '"Be  ages  (Table  2  and  Fig.  3).  Brown  et  at.  (1991) 
also  reported  excesses  of  ’"Al  in  the  two  BW84  samples. 
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and  although  the  origin  of  these  anomalies  remains  un¬ 
clear,  they  might  be  indicative  of  unusual  radiogenic  pro¬ 
duction  mechanisms  (Brown  ei  al.,  1991).  Measurements 
of  U  and  Th  (Brown  el  al.,  1991)  and  Li  (E.  Brook,  un¬ 
published  data)  do  not  reveal  any  chemical  anomalies 
that  would  support  this  hypothesis,  however.  Further  de¬ 
tails  of  this  pi^lem  are  discussed  by  Brown  et  al.  (1991). 

In  the  Ihylor  III  and  IVadau  the  few  '°Be  ages  are  not 
consistent  and  generally  are  significantly  higher  than  ^He 
ages  (Figs.  3  and  4).  Because  of  the  small  amount  of  dau 
this  is  difficult  to  interpret,  but,  as  mentioned  above,  the 
sample  with  the  highest  "’Be  age  from  the  laylor  Ill  mo¬ 
raine  (SCW87-S:  1. 2-0.3/ -1-0.4  myr)  also  has  an  unusu¬ 
ally  hi^  ^He  age  (6S4,000  ±  202,000  yr),  suggesting  prior 
exposure  to  cosmic  rays.  Ihylor  HI  sample  BW84-33  also 
has  a  high  ">Be  age  (900,000  +232,000/ -226.000  yr.  ^He 
age  »  190.000  ^  59,000  yr).  In  both  cases  the  discrep¬ 
ancy  between  "’Be  and  ^He  ages  is  probably  due  to  loss 
of  ^He;  in  the  tatter  sample  the  small  grain  size  probably 
explains  the  large  discrepancy  (see  Appendix).  These 
two  "’Be  ages  may  indicate  that  the  Ihylor  III  moraine  is 
significantly  older  than  ’He  data  and  prior  age  constraints 
indicate,  if  there  has  been  significant  ’He  loss  from  alt  of 
the  Taylor  HI  samples.  It  is  possible  though,  that  in  ad¬ 
dition  to  some  ’He  loss,  the  outlying  points  may  reflect 
the  difficulties  in  sampling  this  deposit,  which  is  a  less 
distinct  belt  of  boulders  than  the  others,  and  rests  directly 
on  the  older  Taylor  IVa  moraines  and  drift. 

As  suggested  above,  in  the  Taylor  IVa  and  Ihylor  IVb 
moraines  the  discordance  between  "’Be  ages  and  ’He 
ages  (Thbie  I  and  Figs.  3  and  4)  probably  reflects  ’He 
loss.  Brown  el  al.  (1991)  also  pointed  out  that  the  very 
close  agreement  for  ail  the  '%e  ages  on  the  Taylor  IVb 
moraine  (Table  I  and  Fig.  3)  argues  against  any  influence 
of  prior  exposure  to  cosmic  rays  for  these  samples  due  to 
tfieir  long  exposure  time  in  their  present  positions. 

Four  samples  from  Quai^ermain  Drift,  the  oldest  g)a- 
ciai  deposit  in  the  valley  t  lat  is  believed  to  have  been 
deposited  by  Taylor  Glacier  (Marchant,  1990),  were  dso 
analyzed  for  ’He  and  three  of  these  were  analyzed  for 
"’Be  (Figs.  3  and  4).  ’He  ages  range  from  3tt,000  ± 
131,000  yr  to  2.5  ±  0.8  myr;  "’Be  ages  are  significtmtiy 
older  (lable  1).  Because  is  radioactive  (lif,  -  1.5  x 
10*  yr),  for  the  older  samples  its  concentration  ap¬ 
proaches  steady  state  with  respect  to  production  and  de¬ 
cay,  and  error  limits  for  "’Be  exposure  ages  become  large 
and  asymmetric.  For  the  oldest  Quartermain  Drift  sample 
(KBA89-108),  the  data  only  provide  a  lower  age  limit  of 
*-3  myr,  (~5  myr  assuming  no  error  in  the  production 
rate;  Ihble  1).  but  possibly  the  exposure  period  is  signif¬ 
icantly  longer.  As  with  the  IVa  and  IVb  samples,  all  of 
these  samples  show  evidence  of  ’He  loss  (Table  I,  Figs. 
3  and  4). 

In  summary,  although  the  details  of  the  processes  lead¬ 
ing  to  the  distributions  of  ages  for  each  deposit  cannot  be 


compleiety  unraveled,  the  “Be  and  ’He  age  distributions 
for  the  Arena  Valley  deposits  illustrate  that  a  number  of 
different  factors  must  be  considered,  including  prior  ex¬ 
posure  to  cosmic  rays,  loss  of  ’He.  and  episodic  surface 
erosion  processes  (spalling  of  boulder  surfaces,  for  ex¬ 
ample).  Because  there  is  no  way  to  constrain  all  these 
processes  individually,  the  mean  or  median  exposure 
ages  are  used  here  as  age  constraints  for  the  laylor  mo¬ 
raines. 

MPUCATItmS  FOR  ANTARCTIC  GLACIAL  HISTORY 

Both  the  mean  and  median  ’He  and  “Be  ages  are  con¬ 
sistent  with  previous  suggestions  that  the  laylor  U  mo¬ 
raine  and  d^  were  deposited  during  isotope  stage  5 
(—100.000  yr),  and  ’He  ages  suggest  that  Taylor  III  was 
tteposited  during  isotope  stage  7  (-200,000  yr)  (Table  2). 
IVvo  of  the  three  ‘‘’Be  ages  for  Taylor  111  samples  suggest 
an  even  older  age  (-1  myr;  Table  1  and  Figs.  3  and  4). 
Given  the  discrepancy,  and  the  evidence  for  ’He  loss, 
more  "’Be  data  will  be  necessary  to  make  firm  conclu¬ 
sions  about  the  age  of  this  deposit. 

The  mean  and  median  ’He  ages  for  laylor  IVa  samples 
are  335.000  *  187,000  and  365,000  e;  181,000  yr,  which 
would  indicate  deposition  during  isotope  stage  1 1  at  the 
earliest,  assuming  the  deposit  is  interglacial.  The  limited 
"’Be  data,  however  (Fig.  3).  suggest  that  the  moraine  may 
be  significantly  older  than  this  (up  to  - 1  myr).  Taylor  IVb 
has  mean  am)  median  ’He  ages  1.2  ±  0.2  and  1.2  £  0.3 
myr  and  mean  and  median  ’"Be  ages  of  2. 1  ±  0.1  and  2.2 
£  0.7  myr;  given  the  strong  evidence  for  ’He  loss  in  this 
age  range  (Brook  and  Kurz,  1993),  the  latter  ages  are 
more  reliable. 

The  ’He  and  '*Be  ages  for  Quartermain  Drift  confirm 
that  it  is  the  oldest  of  the  deposits  studied,  in  agreement 
with  the  relative  chronology  of  Marchant  (1990).  Based 
on  stratigraphic  position,  outcrop  pattern,  and  composi¬ 
tion.  Quartermain  Drift  was  deposited  prior  to  the  Ikylor 
IVb  moraines  by  an  expanded  Taylor  Glacier  (Marchant, 

1990) .  (Quartermain  Drift  is  the  oldest  deposit  in  Arena 
>^lley  that  has  been  related  to  Ikylor  Glacier;  the  "’Be 
ages  provide  evidence  that  a  somewhat  expanded  Ikylor 
Glacier  existed  in  pre-Pleistocene  time,  perhaps  as  early 
as  the  middle  Pliocene.  Because  "’Be  concentrations  are 
near  steady  state  in  the  (Quartermain  Drift  samples,  quite 
possibly  this  deposit  is  significantly  older.  It  should  also 
be  noted  that  erosion  corrections  trf  these  old  ages  would 
be  significant.  For  example,  an  apparent  ’"Be  age  of  3 
myr  would  become  3.9  myr  when  corrected  for  a  constant 
erosion  rate  of  1  x  10"’gcm”’yr“'(e.g.,  Brown  era/.. 

1991) . 

’He  and  ’*Be  measurements  for  related  glacial  deposits 
in  Arena  and  Ikylor  valleys  suggest  some  tentative  cor¬ 
relations  with  the  Arena  Valley  moraines.  Two  samples 
from  the  moraine  on  the  north  wall  of  Taylor  Valley  near 
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TABLE  1 

He  and  Be  Data  far  Anna  and  Taylor  Valey  Sawplrr 

*H*  “Be 


AWiuac  Aae'  Aae' 
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la 
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la 
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1 
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41 
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85 

•9 

2 
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1.39 

0B6 

27JI 

2 
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0l03 

23.0) 

2 

1.06 

0.04 

4.60 

0.05 

24.86 
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1140 

901 

2 

34.19 

0.24 

0.73 

0.02 

16.18 

85 

26 

1CBA»-70*1 

1120 

903 

2 

•2.86 

0.96 

0.70 

0.05 

36.73 
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61 

1.61 

0.11 

0.78 
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25 

25 
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2 
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0.41 

0.95 
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36 

2.19 

0.16 

1.01 
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33 

33 
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I 
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0.25 

0.04 
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82 

39 
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43 

10 

10 

2 
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0.01 
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2 
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1.05 

0.24 

0.02 
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74 

23 
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0.14 

0.69 
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23 

23 
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3 
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57 
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0.16 
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38 

39 

Base  ef  Tkylor  Glacier 

BW»4-71 

1030 

911 

1 

31.02 

0.16 

0.93 

0.01 

33.09 

173 

34 

2.70 

020 

1.35 

201 

45 

45 

larlorUI 

KBAa9-50 

1130 

902 

1 

33.04 

0.26 

0.93 

0.02 

20.48 

102 

31 

2 

90.61 

1.08 

0.30 

0.03 

18.30 

KBA»-I0S 

1110 

904 

2 

9.07 

0.01 

8.17 

0.06 

52.59 

275 

8.5 

KBA«»-t03 

1100 

•99 

2 

30.11 

0.43 

I.6S 

0.06 

39.46 

207 

64 

scwr.3^ 

1130 

900 

3 

102.99 

1.15 

1.88 

0.02 

124.89 

634 

202 

13.9 

1.0 

0.53 

1220 

323 

380 

KBAt»-32 

1130 

902 

2 

368.58 

4.06 

0J4 

0.05 

40.21 

211 

67 

BWSe.DT' 

1130 

900 

1 

43.91 

092 

1.10 

0.03 

31.77 

M6 

SI 

2J00 

020 

0.92 

135 

31 

31 

BW»4.3y^' 

1130 

900 

1 

63.82 

1.33 

0.91 

0.03 

37.66 

190 

59 

13.00 

IJO 

6.15 

900 

226 

252 

1 

34.84 

1J2 

1.79 

0.09 

40.64 

2 

247.23 

13.16 

0.20 

0.02 

30.57 

ICBAS9-t04 

1130 

900 

2 

35.37 

0.42 

2.59 

0.06 

58.00 

304 

94 

JUme  narform 

AAIM 

940 

923 

1 

94.77 

0.39 

0.38 

0.01 

23.76 

147 

45 

1 

99.13 

1.63 

0.43 

0.02 

30.31 

AAa6>5 

940 

923 

1 

26.49 

0.08 

2.57 

0.02 

49  J9 

239 

•0 

3.40 

OJO 

1.79 

272 

63 

64 

IkylorlVi 

KBAIMM 

1160 

•99 

1 

97.25 

1.05 

1.29 

0.03 

79.79 

400 

124 

tSM 

3.  to 

6.02 

1096 

404 

497 

1 

46.22 

0.34 

2.47 

0.06 

72.31 

KBA«M7I 

1160 

•99 

2 

33.73 

0.37 

4.21 

0.14 

90.26 

45/ 

140 

KBASM7-2 

1160 

•99 

2 

20.63 

0.13 

6.33 

0.06 

•2.41 

KBAIMl-2 

1110 

•96 

3 

70.94 

0.79 

0.75 

OBI 

32.48 

179 

56 

420 

OJO 

2B1 

308 

75 

77 

77.13 

0.84 

0.76 

OBI 

33.966 

KBA9M0-1 

1110 

•96 

2 

90.65 

1.07 

0.28 

0.02 

15.02 

79 

25 

KBABM5 

1130 

900 

2 

35.49 

0.39 

2.80 

0l09 

63.98 

330 

103 

KBAS9-M 

1140 

901 

2 

263S.79 

263.90 

0,077 

0.02 

III. 11 

582 

257 

laykirrVb 

saw7->.r 

1600 

•S3 

1 

44.47 

0.27 

12.08 

0.13 

239.48 

1339 

420 

27.00 

too 

9.43 

2110 

646 

926 

KBAS9-2S 

13» 

•12 

2 

106.93 

1.21 

3.49 

0.05 

208.38 

1092 

338 

KBA19-19' 

1260 

••8 

2 

34.77 

0.70 

5.28 

0.05 

173.21 

933 

289 

2 

26.51 

0.15 

II.S4 

0.07 

183.37 

59.71 

0.67 

6.66 

0.08 

238  36 

1248 

386 

AAI6>14« 

1330 

•57 

1 

24.08 

0.09 

14.46 

0.10 

171.86 

900 

278 

27.00 

1.90 

9.85 

2273 

717 

1081 

AAS6-J5 

1600 

•32 

1 

32.39 

0.15 

17.21 

0.13 

265 J4 

1389 

429 

20.40 

1.70 

9.03 

1962 

584 

803 

BWf4.1Q5 

1300 

••4 

1 

40.41 

0.05 

10.49 

0.09 

244.15 

1122 

yr 

2320 

too 

9.66 

2197 

685 

1008 

3 

38.76 

0.49 

9.88 

0.08 

230.32 

2 

17.10 

0.13 

19.51 

0.16 

192.21 

2 

67.57 

0.93 

5.15 

0.07 

200.21 

Ibr  above  *bylor  fVb 

AAS6>t6 

1630 

•47 

1 

43.06 

0.95 

11.28 

0J3 

233.66 

1223 

T79 

29.40 

too 

9.78 

2244 

1037 

Quattcmahi  Drift 

ICBAB9>1« 

1230 

••9 

2 

51.90 

7.56 

9B9 

0.11 

280.68 

1470 

502 

33.60 

1.81 

14.46 

>3000* 

KBAa9>}07 

1121 

••3 

2 

47.97 

6.99 

2.69 

QB3 

73.04 

382 

131 

21.70 

1.17 

8.92 

1933 

562 

761 

scwr-1-2 

1400 

•73 

2 

36.14 

0.29 

24.49 

0.17 

477.68 

2501 

773 

sewr-M 

1330 

•71 

2 

13.07 

0.03 

33.03 

924 

240.71 

1360 

389 

29.70 

2.10 

n.97 

3133 

1136 

2537 

Saitec  of  ^ylor  Glacier 

KBAB9-91-2 

1040 

912 

2 

20.61 

0.16 

0.14 

0.01 

IJD 

9 

3 

Note.  UniU;  in  10’’  al(~ *Hc  and  “Be  in  10*  alf R/R.  •  ’HeTHe  ntio  relaiive  to  aunospheric  ratio  (1 .38  x  10'*).  Unccftainlies  in 
isotope  cooceatniioits  are  lo  analytical  oncenaiitlies  only.  AD  is  atmospbenc  depth  in  g  cm'’  ’He„  and  “Be,  are  cotmagenic  nuclide 
concentrations  nonnaHzcd  to  sea  level  and  rock  suiBkc  as  described  in  ten.  Italics  indicaie  “Be  dau  originally  pubtished  in  Brown  ri  al.  (1991). 
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TABLE  2 

Mob.  kMiao.  aad  MadMi  EipoMC  Arm  for  Taykr  MsralMi  ia  Anaa  Vailcy  (10’  yr) 


Sample 

’He  ages 

■■Bewes* 

Mean 

Median 

Max. 

a 

Memi 

Median 

Max. 

a  constramt* 

laylor  11' 

113  ±  45 

100  2  22 

192  2  61 

6 

117  2  31 

IIS  2  23 

14 

5  72-9( 

'foylor  111' 

20(2  67 

207x64 

304294 

7 

Ihylor  IVh 

333  2  1(7 

363  2(1 

3(2  2  257 

6 

•one 

foylocIVb' 

11(3  2  1(4 

11(3  2  MO 

1309  2  429 

6 

2133  2  134 

2134  -  471/4-6(4 

2273  -  7I7/+I0(I 

4  soar 

*  SufficicM  diu  tor  eakuMag  mem  ere  mat  avaiiablc  (or  Ikylor  111  aod  iVi. 

*  laykir  11  and  111  aget  bated  on  U-Tb  agn  of  Hcndy  ti  el.  (19791  as  Htaimafued  by  Deaton  ri  el.  (1999). 

'  SCWS7-4-I  and  SCWg7-3  oaunilted  Aoni  rafctilatinm  far  Tkylor  II  and  111.  rctgcctiwly. 

'  For  laylor  IVb  laniglr  KBA09-I9.  oaly  ibe  *Hc  age  ratadaind  for  I-  2Hnai  graina  net  ntad  in  Ibaae  calculaiiom. 


Rhone  Glacier  (Fig.  lb,  Ihbte  1),  and  parallel  to  Ihylor 
Glacier,  have  *He  exposure  ages  of  161,000  ±  30,000  and 
284,000  ±  88,000  yr  (samples  AA86-3  and  -6):  AA86-5  has 
a  '“Be  age  of  272  ±  64,000  yr.  This  moraine  may  correlate 
with  Taylor  111  or  IVa  drift.  A  bedrock  tor  sample  (sami:^ 
AA86-16)  collected  beyond  the  Ihylor  IVb  limit  yielded  a 
’He  age  of  1.2  ^  0.4  m)T  and  a  '“Be  age  of  2.2  -0.7/-I-I.0 
myr,  suggesting  that  this  bedrock  surface  may  be  approx¬ 
imately  the  same  age  as  the  Taylor  IVb  moraine.  One 
sample  collected  from  a  small  moraine  ridge  near  Taylor 
Glacier  (BW84-71)  has  ’He  and  '“Be  ages  of  168,000  x: 
32,000  yr  and  201 .000  ±  43,000  yr,  suggesting  that  this 
moraine  ridge  may  be  the  same  age  as  the  outer  Ihylor  II 
or  Taylor  111  moraine.  These  latter  conclusions,  based  on 
small  numbers  of  samples,  must  be  considered  tentative 
given  the  distribution  at  ’He  ages  observed  on  the  Arena 
Valley  moraines. 

'“Be  data  can  also  be  used  to  place  some  constraints  on 
suggested  rapid  uplift  of  the  Ihsnsantarctic  Mountains 
(Brown  el  al.,  1^1).  For  example,  McKelvey  ei  al. 
(1991)  have  suggested  uplift  of  1300  m  in  the  last  3  myr  in 
the  Beardmore  Glacier  region  (an  average  of  4.2  x  10~“ 
m  yr~ ').  based  primarily  on  paleobotanical  and  biostrati- 
graphic  evidence  from  the  late  Neogene  Sirius  Forma¬ 
tion.  Because  production  rates  of  cosmogenic  nuclides 


increase  exponentially  with  altitude,  the  old  exposure 
ages  for  Ihylor  IVb  moraines  and  (Juartermain  Drift  in¬ 
dicate  that  such  high  uplift  rates  are  unlikely  in  the  Mc- 
Murdo  Sound-Dry  Valleys  region.  For  example,  if  the 
Quartermain  Drift  sample  KBA89-I06  was  uplifted  from 
sea  level  to  its  present  position  at  a  omstant  uplift  rate  of 
4.2  X  I0~*  m  yr~‘.  the  '“Be  concentration  could  only 
reach~l.8x  lO’ at  g~' (using  the  uplift  model  of  Brown 
et  al.  (1991)  and  assuming  constant  exposure  to  cosmic 
rays  and  the  '“Be  production  rate  of  7  at  g~ '  yr~ '  at  sea 
level)  which  is  ~30%  lower  than  the  measur^  concen¬ 
tration,  suggesting  that  such  high  uplift  rates  are  unlikely 
in  the  Dry  Valleys  region.  A  similar  conclusion  was 
reached  by  Wilch  el  al.  (1990)  based  on  K-Ar  ages  of 
Taylor  Valley  subaerial  volcanic  deposits.  These  resuhs 
si^si  either  that  the  suggested  uf^  rates  are  too  high 
or  that  the  recent  uplift  history  of  the  Beardmore  Glacier 
region  is  significantly  different  than  that  of  the  McMuixio 
Sound-Dry  Valleys  region. 

The  moraine  and  drift  sequence  deposited  by  Ihylor 
Glacier  in  Arena  Valley  is  the  most  complete  for  any 
valley  in  the  TVansantarctic  Mountains  adjacent  to  the 
East  Antarctic  Plateau.  Assuming  that  it  i"  correct,  the 
exposure-age  chronology  for  this  sequence  permits  max¬ 
imum  limiting  values  to  be  placed  on  (Quaternary  thkk- 


TABLE  I  Footnote— Conruivetf 

*  An.  Analyjii  code;  1.  combinuion  of  ennhing  m  veceo  tui  aidimf  reniWng  powder:  2.  OKlling  whole  gnins  m  voriw;  3.  reeoht  of  Mep 
beating  experiment.  All  lamples  are  0.5-  to  l-mm  grains  unless  noted. 

’  For  samples  analyzed  by  cniahing  and  melting  the  total  ’He/'He  ndios  were  calculated  from  Uie  crushing  and  melting  dau  of  Brook  and  Kurz 
(19931. 

'  Ages  calculated  using  ’He  productioo  rate  oT  191  ±  39  and  '*Be  production  rale  of  7  ±  1.4.  Nuclide  concemrations  were  normalized  to  rock 
surface  assuming  an  exponential  path  length  of  ISO  g  cm  and  the  measured  samphiig  interval,  and  normalized  to  tea  level  as  described  by  Brook 
and  Kurz  (1993).  The  normalization  to  sea  level  is  based  on  an  exponential  attenuation  lengUi  in  the  atmosphere  of  163  g/cm’  (Lingenfeher.  1963). 
Uncertainties  in  exposure  ages  include  uncertainlics  in  ’He  and  “'Be  producUon  rates  (see  text).  ’He  data  were  oorrected  for  radiogenic  ’He 
assuming  a  ’He/*He  of  0.01 1  ±  O.IM  for  tadiocenic  helium. 

^Altitudes  origitially  reported  for  these  samples  by  Brown  er  el.  (1991)  have  been  corrected  based  on  further  field  measuremems.  Sample 
BWg4-33  is  composed  of  0.3-  to  l-mm  aggregates  of  <  0.3-mra  grains. 

'  Noted  analysis  for  KBA<9-I9  is  for  I-  to  2-mm  grains;  BW84-33  is  0.1-  to  0.5-mm  grains;  SCWg7-3-l  is  0.2-  to  0.3-mm  grains. 

f  Mean  of  47-1  and  47-2. 

*  Sample  altitude  is  uncertain  by  up  to  130  m. 

’  The  age  is  a  lower  limit  defined  by  to  analytical  and  production  rate  uncertainties;  in  Figures  3  and  4  the  lower  limit  plotted  (3.0  myr)  is  based 
on  only  analytical  uncertainties. 
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ening  at  upper  laylor  Glacier  and  the  adjacent  East  Ant¬ 
arctic  Plaim  stirfac'  ilie  Ihyior  IVa  moraines  and  driA, 
the  oldest  depo-'  s  at  definite  Quaternary  age,  record  a 
thickening  of  ~250  m  for  atyacent  Ihyior  ice.  which  ties 
in  the  ablation  zone  of  the  glacier  system.  Assuming  that 
the  laylor  IVb  and  Quartennain  Drift  ages  are  correct, 
the  data  suggest  a  relative  change  in  the  height  of  Ihylor 
Glacier  of  about  300  m  since  the  early  Pleistocene  (and 
perhaps  as  early  as  the  middie  Pliocene). 

SUMMARY  AND  CONCLUSIONS 

The  present  ^He  and  '*Be  data  provide  important 
chronological  information  about  glacial  deposits  in  Arena 
Valley,  Antarctica.  The  dau  suggest  that  the  Ikylor  II 
moraine  and  drift  was  deposited  during  oxygen  isotope 
stage  3,  -100,000  yr  B.P.  The  median  'He  age  for  laylor 
Ill  is  consistent  with  a  stage  7  age.  but  older  '**Be  ages 
suggest  that  this  is  strictly  a  minimum  estimate.  Taylor 
1  Va  appears  to  be  at  least  400.000  yr  old  based  on  ’He  and 
'^Be  data,  laylor  IVb  is  -2  myr  old  based  on  '*’Be  dau. 
Quartermain  Drift,  a  glacial  drM  deposited  by  Taylor  Gla¬ 
cier  prior  to  deposition  of  the  laylw  moraines,  has  min¬ 
imum  ‘‘Be  ages  of  —3  myr  and  may  be  significantly  older. 

Several  complexities  that  are  important  for  using  cos- 
mogenic  nuclides  to  determine  the  age  of  geological  fea¬ 
tures  are  also  revealed.  Significant  variability  is  found  in 
both  ’He  and  ages  for  individual  deposits,  as  also 
found  by  Phillips  ei  al.  (1990)  for  ’*Q  ages  of  alpine  mo¬ 
raine  boulders  in  the  western  United  States.  The  reasons 
for  the  age  distribution  within  single  deposits  probably 
include  prior  exposure  to  cosmic  rays,  prior  soil  cover, 
the  possibOity  of  sampling  older  boulders  exposed  in  win¬ 
dows  in  younger  material,  shifting  of  moraine  boulders 
after  deposition,  and  perhaps  different  erosion  rates  of 
individual  boulders.  In  the  case  of  ’He,  diffusive  loss  is 
also  impoitani,  particularly  for  exposure  ages  >100,000 
yr.  Both  the  ’He  and  the  data  indicate  that  individual 
exposure  ages  must  be  interpreted  with  caution.  Inter¬ 
preting  these  age  distributions  fully,  and  taking  full  ad¬ 
vantage  of  the  potential  of  in  situ  cosmogenic  nuclides, 
requires  measurements  of  several  cosmogenic  nuclides  in 
the  same  samples,  as  well  as  extensive  field  sampling. 

Nonetheless,  the  data  provide  important  chronological 
information,  including  minimum  exposure  ages  for  de¬ 
posits  that  previously  had  no  direct  chronological  con¬ 
straints.  In  addition,  the  exposure  ages  for  the  moraine 
sequence  in  Arena  Valley,  which  is  the  best  developed 
sequence  of  (Quaternary  ice-marginal  features  in  the  Dry 
V^ys  region,  suggest  that  laylor  Glacier  at  Arena  Val¬ 
ley  has  not  changed  thickness  by  more  than  -300  m  in 
the  last  2  myr.  Furthermore,  the  '*’Be  data  for  (Quarter- 
main  Drift  suggest  that  a  fully  developed  Taylor  Glacier 
existed  in  pre-Pleistocene  time,  perh^s  as  early  as  (he 
middle  Pliocene. 


APPENDIX 

Headings  list  sample  number,  location,  geological  fea¬ 
ture,  altitude,  sampling  interval,  and  grain  size.  See  Fig¬ 
ure  1  for  map  lotions.  Unless  noted  all  samples  are 
whole  quartz  grains  separated  from  the  rocks.  Further 
description  of  (he  geolo^  of  the  Arena  Valley  region  and 
petrol^y  of  the  Beacon  Supergroup  can  be  found  in 
McElroy  aitd  Rose  (1987)  and  Matz  ei  al.  (1972). 

SCW87-4-I.  Arena  Valley,  Taylor  II,  1100  m,  1-6  cm, 
OJ-I  mm 

laylor  11  moraine  quartz  sandstone  collected  by  S.  Wil¬ 
son  in  1987. 

KBA89-I02.  Arena  Valley.  Taylor  II,  1140  m,  0-4  cm, 
OJ-I  mm 

Top  surface  of  small  -0.35  m’  quartz  sandstone  boul¬ 
der  perched  on  outer  wall  of  Taylor  11  moraine.  (Collected 
on  12-21-89  from  western  side  of  outermost  Taylor  11  mo¬ 
raine  loop.  Greenish  gray  color  with  brown  weathered 
surface  dipping  l0‘-20*  to  west. 

KBA89-70-I ,  Arena  Volley,  Taylor  II,  1120  m,  0-3  cm, 
OJ-I  mm 

Top  surface  of  large.  -4-m-high.  quartz  sandstone 
boul^r  in  Taylor  II  moraine,  resting  on  small  dolerite 
boulder.  Collected  on  13-18-89  from  eastern  side  of  out¬ 
ermost  Taylor  II  moraine  loop.  Brown  weathered  crust 
on  top  surface. 

KBA89-96,  Arena  Valley,  Taylor  II,  1150  m.  0-4  cm, 
OJ-I  mm 

Horizontal  surface  of  I  x  I  x  0.8-m-high  sandstone 
boulder  perched  on  several  dolerite  boulders  on  crest  of 
moraine.  Collected  on  13-21-89  from  eastern,  central  side 
of  outermost  Taylor  11  moraine  loop.  Brown  staining  on 
top  and  sides. 

KBA89  99.  Arena  Valley.  Taylor  II,  1090  m,  0-2  cm, 
OJ-I  mm 

Top  surface  of  1  x  0.6  x  0.6-m-high  sandstone  boulder 
perched  on  several  dolerite  and  granite  boulders.  Top  sur- 
bce  dips  — 10°  to  south.  Collected  on  12-31-89  from  east¬ 
ern,  central  side  of  outermost  Taylor  U  moraine  loop. 
Tan-brown-stained  top  surface. 

KBAS9~97,  Arena  Valley,  Taylor  II,  1090  m.  0-3  cm, 
OJ-I  mm 

Top  surface  of  0.6  x  |  .2  x  0.6-m-high  sandstone  boul¬ 
der  perched  on  top  of  Taylor  II  moraine  crest.  Collected 
on  12-21-89  from  central  part  of  outermost  moraine  loop. 
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Top  surface  of  sample  dips  ~30°  to  northeast.  Brown- 
stained  surface. 

BW84-S7.  Arena  Valley,  Taylor  H,  1100  m.  0-7  cm. 
OJ-I  mm 

Surface  sample  from  Thylor  II  quartz  sandstone  boul¬ 
der  collected  by  R.  Weed  in  1984  from  eastern  side  of 
outermost  Taylor  U  moraine  loop. 

BW84-7I.  Arena  Valley.  Base  of  Taylor'Glacier,  1050 
m,  0-6  cm,  OJ-i  mm 

Surface  sample  collected  from  quartz  sandstone  boul¬ 
der  in  small  moraine  ridge  nearest  Taylor  Glacier  by  R. 
Weed  in  1984. 

KBA89-50.  Arena  Valley.  Taylor  III,  1130  m.  0-2  cm. 
0.5-1  mm 

Top  surface  of  small,  0.25  cm^,  quartz  sandstone  in 
Taylor  111  Moraine.  Collected  on  12- 17-89  from  near  cen¬ 
ter  of  outermost  Taylor  111  moraine  loop.  Bottom  par¬ 
tially  buried  in  loose  gravel. 

KBA69  52.  Arena  Valley.  Taylor  III.  1130  m.  0-6  cm. 
OJ-I  mm 

Horizontal  top  surface  of  0.5  x  0.25  x  0.25  m-hi^ 
quartz  sandstone  boulder  perched  on  Taylor  Ill  moraine. 
Light  yellowish  brown  weathered  surface.  Collected  on 
12-17-W  from  near  center  of  outermost  Taylor  111  mo¬ 
raine  loop,  approximately  20  m  west  of  KBA89-50. 

KBA89-I04.  Arena  Valley.  Taylor  III,  1150  m,  0-4  cm. 
1-2  mm 

Horizontal  top  surface  of  0.5  x  0.8  x  0.4-m-high  quartz 
sandstone  boulder  in  Taylor  III  moraine.  Reddish  brown- 
stained  surface.  Collected  on  12-21-89  from  outermost 
Thylor  Ill  moraine  loop  on  east  side  of  Taylor  Valley. 

KBA89-I03,  Arena  Valley,  Taylor  III,  1160  m,  0-4  cm. 
0.5-1  mm 

Horizontal  top  surface  of  0.5  x  0.25  x  0.25  m-high 
sandstone  boulder  on  crest  of  Taylor  III  moraine.  Col¬ 
lected  on  12-21-89  from  outermost  Taylor  111  moraine  on 
east  side  of  Arena  Valley. 

SCW87-5.  Arena  Valley.  Taylor  III,  1150  m,  1-6  cm, 
0.5-1  mm 

lavlor  Ill  moraine  sample  collected  by  S.  Wilson  in 
1987. 


BW84-I34.  Arena  Valley,  Taylor  III.  1150  m.  0-3.5  cm. 
0.5-1  mm 

Top  surface  of  Taylor  111  quartz  sandstone  boulder  col¬ 
lected  by  R.  Weed  in  1984  from  near  center  of  outermost 
Taylor  111  moraine  in  Arena  Valley. 

BWS4-33.  Arena  Valley.  Taylor  III.  1150  m.  0-8  cm. 
OJ-I  mm 

Top  surface  of  Taylor  Ill  quartz  sandstone  boulder  col¬ 
lected  by  R.  Weed  in  1984.  approximately  50  m  west  of 
BW84-t34.  Grains  (0.5-1  mm)  separated  from  the  rock 
are  actually  multigrain  aggregates  of  0.1-  to  0.5-mm 
grains. 

AA86-6C,  Rhone  Platform,  940  m,  0-5  cm,  OJ-I  mm 

Top,  horizontal  surface  of  2  x  2  x  0.5  m-high  long 
granite  boulder  in  moraine  parallel  to  Taylor  Glacier,  east 
of  Rhone  Glacier,  on  lower  slope  of  distinctive  volcanic 
cone.  Collected  on  1 1-4-86  by  R.  Ackert. 

AA86-5.  Rhone  Platform.  940  m.  0-3.5  cm.  0.5-1  mm 

Top.  horizontal  surface  of  I  x  0.5  x  0.25  m-high  long 
quartz  sandstone  boulder  in  moraine  parallel  to  Taylor 
Glacier,  east  of  Rhone  Glacier,  on  lower  slope  of  distinc¬ 
tive  volcanic  cone.  Collected  by  R.  Ackert  on  1 1-4-86. 
Top  surface  weathered  brown. 

KBA89~45-I,  Arena  Valley,  Taylor  IVa.  1160  m.  0-6 
cm,  OJ-I  mm 

Top.  horizontal,  surface  of  large.  2.5  m  x  3  m  x  3.5 
m-high  quartz  sandstone  boulder  in  Taylor  IVA  moraine 
with  well-developed  brown  weathering  rind  on  surface. 
Collected  on  12-17-89  at  very  edge  of  Taylor  IVA  limit  in 
center  of  Arena  Valley. 

KBA89-47-I .  Arena  Valley.  Taylor  IVa.  1160  m.  0-5 
cm.  0.5-1  mm 

Top.  horizontal  surface  of  large,  4  x  5  x  3-m-high 
quartz  sandstone  boulder  in  Taylor  IVA  moraine  at  the 
^e  of  Taylor  IVA  limit  in  center  of  Arena  Valley.  Sam- 
fde  from  center  of  eastern  side  of  boulder.  Top  surface  is 
weathered  brown  and  extensively  iron  stained.  Collected 
on  12-17-91. 

KBA89^7-2,  Arena  Valley.  Taylor  IVa.  0-4  cm 

Same  as  KB A89-47- 1 .  but  from  northwest  comer  of  top 
of  boulder. 

KBA89-4I-2.  Arena  Valley.  Taylor  IVa.  1170  m,  0-2 
cm.  OJ-I  mm 

Top.  horizontal  surface  of  large  2  x  2  x  0.5-m-high 
quartz  sandstone  boulder  in  outer  Taylor  IVA  moraine 
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loop  on  western  side  of  Arena  valley.  Collected  on  12- 

I^. 

KBA89-40-I,  Arena  Valley,  Taylor  IVa,  1170  m,  0-4 
cm,  OJ-I  mm 

Top  surface  of  large  2.5  x  2.5  x  I.5-in-high  quartz 
sandstone  boulder  perched  .on  several  dolerite  boulders 
at  edge  of  Taylor  IVA  moraine  limit  on  western  side  of 
Arena  Valley.  Collected  on  12-16-89. 

KBA89-9S.  Arena  Valley,  Taylor  IVa,  1150  m,  0-4  cm, 
OJ-I  mm 

Horizontal  top  surface  of  1  x  |  x  0.6-m-high  sandstone 
boulder  at  center  of  outermost  Taylor  IVa  limit.  Brown 
stained  surface.  Collected  on  12-21-89. 

KBAS9-94.  Arena  Valley.  Taylor  IVa.  1140  m,  O-i.5 
cm.  1-2  mm 

Top  surface  of  2  x  2  x  l-m-high  granite  boulder  in 
center  of  Taylor  IVa  limit  in  east  side  of  Arena  Valley. 
Brown-stained  surface,  dips  approximately  20°  to  north. 
Collected  on  12-21-89. 

SCW87-i-/,  Arena  Valley.  Taylor  IVa,  1300  m,  1-5.5 
cm.  OJ-J  mm 

Surface  sample  of  Taylor  IVB  boulder  collected  by  S. 
Wilson  in  1987.  Analyzed  fraction  composed  of  0.5-  to 
1-mm  aggregates  of  20(^  to  SOO-fim-diameter  grains. 

KSA89-25,  Arena  Valley,  Taylor  IVb,  1320  m,  0-2  cm, 
1-2  mm 

Top  surface  of  ~  1 .5  m^  quanz  sandstone  boulder  50  m 
downslope  from  outer  limit  of  Taylor  IVB  moraine  on 
eastern  wall  of  Arena  Valley.  Coarse-grained  with  some 
iarge  pebbles.  Collected  on  12-15-89. 

KBA89-I9,  Arena  Valley.  Taylor  IVb,  1260  m.  0-6  cm, 
0.5-1,  1-2  mm 

Top  surface  of  large,  2  x  2  x  2-m-high  quartz  sand¬ 
stone  boulder,  testing  on  top  of  desert  pavement.  Weath¬ 
ering  rinds  on  top  and  sides  indicated  that  this  boulder 
may  have  rolled  over  but  sample  was  taken  from  comer 
of  present  top  surface  which  would  have  been  top  in  any 
case.  Collected  on  12-15-89. 

AA86-I4.  Arena  Valley,  Taylor  IVb,  1550  m.  0-5  cm, 
OJ-I  mm 

Top.  horizontal  surface  of  0.5  m^  quartz  sandstone 
boulder  in  Taylor  IVB  moraine  on  eastern  wall  of  Arena 
Valley.  Upper  surface  weathered  brownish  orange.  Col¬ 
lected  by  R.  Ackert  on  11-24-86. 


AA86-15  Arena  Valley.  Taylor  IVb.  1600  m.  0-3.5  cm. 
OJ-I  mm 

Top  surface  of  iarge.  approximately  2  m’  quartz  sand¬ 
stone  boulder  in  Taylor  IVB  moraine  at  Taylor  IVB  limit 
on  east  wall  of  Arena  Valley.  Upper  surface  weathered 
brown  and  sloping  approximately  10°  to  the  east.  Col¬ 
lected  by  R.  Ackert  in  1986. 

BW84-I05.  Arena  Valley.  Taylor  IVb,  1300  m.  0-4  cm. 
0.5-1  mm 

Top  surface  of  Taylor  IVB  sandstone  boulder  collected 
from  limit  of  Taylor  IVB  moraine  by  R.  Weed  in  1984  on 
eastern  wall  of  Arena  Valley. 

AA86-I6,  Arena  Valley.  Bedrock  Tor,  1650  m,  0-4  cm, 
OJ-I  mm 

Top,  horizontal  surface  of  quartz  sandstone  bedrock 
tor  beyond  limit  of  Taylor  IVB  moraine  on  east  wall  of 
Arena  Valley.  Tor  stands  approximately  1  m  above  sur¬ 
rounding  bedrock  surface.  Upper  surface  weathered  dark 
brown.  Collected  by  R.  Ackert  on  1 1-24-86. 

SCW87~hl,  Arena  Valley,  Quariermain  Drift,  1400  m, 
0-4  cm,  OJ-I  mm 

Top  surface  of  quartz  sandstone  boulder  in  Quarter- 
main  Drift.  Collected  by  S.  Wilson  in  1987. 

SCW87-I-2,  Arena  Valley,  Quariermain  Drift,  1400  m, 
0-4  cm,  OJ-I  mm 

Top  surface  of  quartz  sandstone  boulder  in  Quarter- 
main  Drift.  Collected  by  S.  Wilson  in  1987. 

KBA89-I08.  Arena  Valley,  Quariermain  Drift,  1250  r\ 
0-4  cm,  OJ-I  mm 

Top  horizontal  surface  of  0.5  x  0.2  x  0. 15  m  sandstone 
boulder,  top  and  lee  side  with  brown,  well-developed, 
varnished  surface.  From  near  top  of  low  hill  mapped  as 
Quartermain  Drift  by  Marchant  (1990).  Collected  on  12- 
22-89. 

KBA89-I07,  Arena  Valley,  Quariermain  Drift,  1320  m, 
0-4  cm,  0.5-1  mm 

Small  sandstone  boulder,  0.5  x  0.5  x  0.2-m-high  with 
horizontal,  brown-stained  leeward  surface  and  heavy 
quartz  rind  development.  Collected  from  small  patch  of 
drift  mapped  as  (Quartermain  Drift  by  Marchant  (1990) 
west  of  main  exposure  of  Quartermain  I'rift.  Collected  on 
12-22-89. 
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KBA89-9I-2.  Arena  Valley,  Taylor  Glacier,  1040  m, 

0-7  cm,  OJ-l  mm 

Top  surface  of  small  sandstone  boulder  on  surface  of 
Taylw  Glacier  at  mouth  of  Arena  Valley.  Collected  on 
12-21-89. 
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Chapter  5 

Chronology  of  Antarctic  Dry  Valley  Glacial  Deposits 
Using  Cosmogenic  l^Be,  3He,  and  26aJ  : 
Implications  for  Antarctic  Glacial  History  and 
Climate 
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Introduction 


In  the  last  decade  cosmogenic  nuclides  produced  in  situ  in  terrestrial 
surface  rocks  have  proved  to  be  useful  chronometers  for  studying  surface 
processes  (see  Lai,  1991,  Kurz  and  Brook,  1993,  and  Qiapter  1  for  reviews).  In 
a  recent  set  of  papers  Brown  et  al.  (1991),  Brook  and  Kurz  (1991)  [Chapter  3], 
and  Brook  et  al.  (1993)  [Cliapter  4]),  investigated  this  use  of  in  situ  cosmogenic 
^He,  l^Be,  and  26 Al  for  dating  glacial  deposits  related  to  Quaternary  and  late 
Neogene  expansions  of  the  East  Antarctic  Ice  Sheet  in  the  Dry  Valleys  region 
of  Antarctica  (Fig.  1).  These  studies  concentrated  on  an  extreir  '-';  well- 
exposed  moraine  sequence  in  Arena  Valley  (Fig.  1).  This  chapter  includes 
additional  ^He,  ^^Be,  and  26 Al  data  for  these  deposits,  uses  the  entire  data  set 
to  improve  the  original  chronology,  and  further  demonstrates  the  utility  of 
cosmogenic  nuclides  for  dating  Antarctic  glacial  deposits. 

The  previous  work  resulted  in  four  major  conclusions.  First,  ^He, 
l^Be,  and  26 Al  ages  for  Arena  Valley  moraines  ranged  from  ~100  kyr  to  ~2 
myr.  This  suggested  that  the  East  Antarctic  Ice  Sheet  was  near  its  present 
position  throughout  most  of  that  time.  ^^Be  ages  for  a  stratigraphically  older 
glacial  drift  indicated  that  this  conclusion  could  be  extended  back  to  at  least  3 
myr,  suggesting  little  change  in  this  part  of  the  East  Antarctic  Ice  Sheet 
throughout  Quaternary  and  late  Pliocene  time  (Brook  et  al.,  1993  [Chapter  4]; 
Marchant  et  al.,  in  press).  Second,  l^Be  and  ^He  ages  for  the  Taylor  n 
moraine,  the  youngest  well  documented  deposit  in  Arena  Valley  (Fig.l),  gave 
concordant  mean  ages  of  ~120  Iqrr.  These  ages  are  consistent  with  previous 
suggestions  that  Taylor  n  correlates  with  "Bonney  Drift,"  a  Taylor  Glacier  drift 
deposited  in  middle  Taylor  Valley,  which  contains  U-Th  dated  lake  sediments 
with  ages  that  range  from  70-120  kyr 
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Figure  la.  Index  map  of  Antarctica  show 
and  Fig.  lb. 
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Figure  Ic.  Sketch  map  of  Arena  Valley  moraines  and  sample  locations.  See 
Fig  2  in  Chapter  4  for  photograph  of  Arena  Valley. 
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(Hendy  et  al.,  1979;  Higgins,  1993).  Third,  although  ^He  and  ages  were 
concordant  in  the  younger  deposits,  this  comparison  in  older  samples 
indicated  significant  loss  of  ^He  from  quartz  (Brown  et  al.,  1991;  Brook  et  al., 
1993  [Qiapter  4]).  Fourth,  a  preliminary  analysis  of  l^Be  data  from 
Quartermain  Drift,  the  oldest  deposit  sampled  in  Arena  Valley,  allowed 
constraints  on  the  uplift  history  of  the  Transantarctic  Mountains  (TAM). 
McKelvey  et  al.,  1990,  based  on  biostratigraphic  evidence  from  Sirius  Group 
tills  in  the  Beardmore  Glacier  region,  have  suggested  uplift  of  at  least  400 
m/myr  over  the  last  3  m5rr.  This  suggestion  is  controversial  (Wilch  et  al., 
1993).  Preliminary  modeling  of  the  effects  of  uplift  on  ^^Be  production 
showed  that  the  ^^Be  data  for  Quartermain  Drift  were  inconsistent  with  such 
high  uplift  rates  (Brown  et  al.,  1991;  Brook  et  al.,  1993  [Chapter  4]). 

Several  imporhmt  issues  remained  tmresolved  and  are  addressed  here. 
Because  only  a  few  samples  of  intermediate  age  moraines  (Taylor  m  and  FVa; 
Fig.  1)  were  previously  available  it  was  not  possible  to  reliably  constrain  their 
ages.  These  deposits  are  crucial,  however,  for  understanding  the  response  of 
the  East  Antarctic  Ice  Sheet  to  Quaternary  climate  change  before  isotope  stage 
5.  Also,  due  to  the  importance  of  the  Taylor  n  moraine  in  chronological 
interpretations  of  late  Quaternary  Antarctic  glaciation  (e.g.,  E>enton  et  al., 
1989a),  and  scatter  in  the  available  data,  additional  measurements  were 
obtained  to  constrain  its  age.  Given  the  ease  and  reduced  sample  size 
requirements  of  ^He  analysis  relative  to  ^^Be  analysis  (e.g..  Brook  and  Kurz, 
1993  [Chapter  3];  Chapter  2),  and  imcertainty  about  the  age  at  which  ^He  loss 
becomes  significant  to  exposure  dating,  further  comparison  of  ^He  2md  l^Be 
exposure  ages  in  quartz  was  also  imdertaken.  Finally,  the  recent  controversy 
over  the  age  of  the  Sirius  Group  and  its  implications  for  the  uplift  history  of 
the  TAM  and  the  glacial  history  of  Antarctica  (Clapperton  and  Sugden,  1990; 


114 


Webb  and  Harwood,  1991;  McKelvey  et  al.,  1991;  ten  Brink  et  aL,  1993; 
Marchant,  1993;  Barret  et  al.,  1993;  Wilch  et  al.,  1993),  were  addressed  with 
additional  measurements  of  samples  brom  pre-Pleistocene  glacial  deposits  in 
the  Ehy  Valleys,  including  the  Sirius  Group. 

The  general  objective  of  this  work  is  to  constrain  the  Quaternary  and 
earlier  history  of  the  East  and  West  Antarctic  Ice  Sheets.  A  chronological 
model  of  Antarctic  glaciation  has  been  developed  in  the  last  few  decades, 
based  on  ice-core  studies  and  U-Th  and  dating  of  lake  sediments  in  the 
Dry  Valleys,  that  suggests  that  ice  accumulation  rates  over  East  Antarctica 
increase  by  roughly  a  factor  of  two  during  interglacial  periods  (e.g.,  Yiou  et  al, 
1985;  Raisbeck  et  al.,  1987;  Jouzel  et  al.,  1987;  1989;  1990),  causing  aerial 
expansion  of  the  East  Antarctic  ice  sheet  and  advance  of  East  Antarctic  outlet 
glaciers  (Hollin,  1962;  Stuiver  et  al.,  1981;  Denton  et  al.,  1989a;  Brook  et  al., 

1993  [Chapter  4]).  In  contrast,  sea  level  controls  advances  of  the  West 
Antarctic  Ice  Sheet,  because  groimding  line  advance  or  retreat  controls  the 
build  up  of  west  Antarctic  Ice  on  the  coast  (Stuiver  et  al.,  1981;  Fastook  et  al., 
1984;  Denton  et  al.,  1989a;  Chapter  6).  Glacial  deposits  in  the  McMurdo  Sound 
region  suggest  that  during  the  last  glacial  period  ice  advanced  on  to  the  coast 
of  McMurdo  Soimd  due  to  grounding  and  resulting  ice  thickening  in  the 
Ross  Sea.  Outlet  glaciers  and  local  mountain  glaciers,  in  contast,  apparently 
advanced  during  interglacial  isotope  stage  5,  and  are  advancing  today  (Hendy 
et  al.,  1979;  Stuiver  et  al.,  1981;  Denton  et  al.,  1989a;  Higgins,  1993;  Chapter  6). 
Preliminary  work  in  other  parts  of  the  Transantarctic  Mountains  suggests  that 
this  behavior  is  a  regional  phenomenon  (Bockheim  et  al.,  1989;  Denton  et  al., 
1989a;  Denton  et  al.,  1989b).  This  conceptual  model  suggests  that  ice  growth  in 
East  Antarctica  is  "out  of  phase"  with  northern  hemisphere  glaciation  and  the 
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deep  sea  oxygen  isotope  record  (Denton  et  al.,  1989a).  It  predicts  that  during 
generally  wa^iner  global  climates  (e.g./  inteigladal  periods)  glaciers  related  to 
the  East  Antarctic  Ice  Sheet  grow  due  to  increased  precipitation  in  the  interior. 
It  also  suggests  that  growth  of  marine-based  ice  sheets  like  the  Ross  Ice  Sheet 
is  "in  phase"  with  the  marine  record  in  that  these  ice  sheets  thicken  during 
periods  of  relatively  lower  sea  level  (e.g.,  glacial  periods). 

Exposure  ages  using  cosmogenic  nuclides  can  improve  the  glacial 
chronology  in  three  ways.  First,  they  can  extend  its  range.  The  age  range  for 
^He  dating  is  theoretically  infinite,  but  in  practice  limited  by  diffusion,  the 
importance  of  which  depends  on  sample  mineralogy  and  environmental 
conditions  (Trull  et  al.,  1991;  Brook  and  Kurz,  1993).  l®Be  (half-life  =  1.5  x  10^ 
yr)  and  ^^Al  (half-life  =  7.2  x  lO^  yr)  ages  are  limited  by  the  half-lives  of  the 
nuclides.  For  example,  with  5  %  analytical  error  as  die  only  uncertainty,  l^Be 
and  26  Al  ages  of  3  and  1.4  myr,  respectively  can  be  determined  with  only  10  % 
precision,  due  to  radioactive  decay.  Nonetheless,  due  to  the  long  half-lives, 
there  is  potential  to  extend  the  chronology  significantly  beyond  the  limit  of  U- 
Th  dating  (~400  Igrr).  Second,  exposure  ages  can  potentially  provide  age 
constraints  for  features  directly  related  to  ice  margins  (e.g.,  moraines),  rather 
than  associated  material  (e.g.,  lake  sediments),  thus  determining  both  the 
timing  and  extent  of  glacier  advances.  Third,  because  cosmogenic  nuclide 
production  rates  are  exponential  functions  of  altitude,  measurements  of 
cosmogenic  nuclides  in  old,  high  altitude  glacial  deposits  can  be  used  to  place 
limiting  constraints  on  the  uplift  history  of  the  Transantarctic  Moimtains. 
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GUdal  Geology  and  Geochronology  in  Axena  and  Taylor  Valleys 

Absolute  chronology  of  Quaternary  glacial  deposits  in  the  McMurdo 
Sound-Dry  Valleys  region  is  almost  exclusively  based  on  U-Th  and  dating 
of  marine  and  algal  lake  carbonate  sediments  (e.g.,  Hendy  et  al.,  1979;  Clayton- 
Greene  et  al.,  1988;  Higgms,  1993;  Dagel  et  al.,  in  press).  In  situ  carbonate 
sediments  that  appear  to  have  been  deposited  in  a  proglacial  lake  at  the 
terminus  of  the  Taylor  Glacier,  4-6  km  east  of  the  present  terminus,  have  U- 
Th  ages  of  70-120  kyr,  suggesting  deposition  in  isotope  stage  5  (Hendy  et  al., 
1979;  Higgins,  1993).  and  U-Th  dates  for  in  situ  carbonate  sediments 
deposited  in  lakes  formed  in  advance  of  Ross  Sea  Ice  in  Taylor,  Miers,  and 
Marshall  Valleys  (see  Chapter  6)  suggest  deposition  in  stages  2  and  6  (Stuiver 
et  al.,  1981;  Clajrton-Greene  et  aL,  1988;  Denton  et  al.,  1989a;  Dagel  et  al.,  in 
press).  This  chronology  provides  support  for  the  concej.  tual  model  outlined 
above  through  isotope  stage  6,  but  relies  heavily  on  stratigraphic 
interpretation  of  lake  deposits  in  the  Dry  Valleys,  and  on  the  hypothesis 
(Clayton-Greene  et  al.,  1988;  Denton  et  al.,  1989a)  that  large  lakes  existed  in 
the  region  during  isotope  stages  2  and  6.  In  contrast,  other  evidence  suggests 
cold  temperatures  and  reduced  precipitation  during  these  time  periods  (e.g., 
Raisbeck  et  al.,  1987;  Jouzel  et  al.,  1987;  Denton  et  al.,  1989a).  Prior  to  stage  6, 
interglacial  expansions  of  Taylor  Glacier  have  been  inferred  from  U-Th  dates 
of  detiital  carbonate  clasts  foimd  in  stratigraphic  sections  in  middle  Taylor 
Valley  and  as  lag  deposits  on  the  valley  floor  (Hendy  et  al.,  1979;  Higgins, 
1993).  These  erratic  clasts  can  not  be  directly  associated  with  past  ice  margins, 
however. 

The  glacial  geology  of  the  Arena  and  Taylor  Valley  regions  was  recently 
described  in  detail  by  Denton  et  al.  (1989a),  Marchant  (1990),  Higgins  (1993), 
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Marchant  et  al.  (in  press),  and  is  also  discussed  in  Brook  et  aL  (1993)  [Chapter 
4].  Arena  Valley  is  a  small  hanging  valley  lateral  to  Taylor  Glacier,  which 
drams  the  McMurdo  Dome  of  the  East  Antarctic  Ice  Sheet  (Drewery,  1983), 
which  is  in  turn  fed  by  the  much  larger  Dome  C  (Fig.  1)  (Drewry  et  al.,  1982; 
Steed  and  Drewry,  1982).  In  lower  Arena  Valley  a  well  preserved  sequence  of 
39  boulder-rich  moraines  records  four  separate  advances  of  the  Taylor  Glacier 
into  the  valley  (Denton  et  al.,  1989a;  Brook  et  al.,  1993  [Chapter  4];  Marchant  et 
al.,  in  press).  The  moraines  are  composed  almost  entirely  of  boulders  and 
lack  striated  surfaces  or  other  signs  of  wet-based  glacial  deposition  (Marchant 
et  al.,  in  press).  This  is  important  because  it  suggests  cold-based  conditions  for 
this  lobe  of  the  Taylor  Glacier  throughout  the  time  represented  by  these 
deposits. 

The  Arena  Valley  moraines  are  composed  primarily  of  dolerite, 
sandstone,  and  a  small  percentage  of  granitic  rocks.  All  three  rock  types  are 
foimd  in  the  local  bedrock  of  the  region,  which  is  primarily  made  up  of  flat- 
lying  Devonian  Beacon  Supergroup  sandstones  and  large  sills  and  dikes  of 
Jurassic  Ferrar  Dolerite.  Granitic  bedrock  is  not  exposed  in  Arena  Valley, 
however  (McElroy  and  Rose,  1987;  Marchant,  1990).  Arena  Valley  surfidal 
geology  was  mapped  recenty  by  Marchant  (1990)  (also  see  Marchant  et  al.,  in 
press).  The  moraines  and  associated  drift  are  divided  into  four  groups:  Taylor 
n,  Taylor  HI,  Taylor  IVa,  and  Taylor  IVb,  from  yoimgest  to  oldest  (Fig.  1), 
following  the  nomenclature  of  Denton  et  al.  (1989a).  Relative  ages  of  the  four 
groups  are  based  on  rock  and  soil  weathering,  moraine  morphology  and 
stratigraphic  position  (Bockheim,  1982;  Denton  et  al.,  1989a;  Marchant,  1990; 
Marchant  et  al,  in  press).  Before  the  exposure  age  shidies  there  were  few 
absolute  age  constraints  other  than  tentative  correlations  with  the  U-Th  dated 
drift  in  middle  Taylor  Valley.  In  addition,  an  upper  limit  of  ~  2  myr  can  be 
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placed  on  Taylor  IVb  based  on  a  number  of  ^^Ar-^^Ar  dates  of  individual 
anorthoclase  crystals  in  volcanic  ash  in  "Granite  Drift,"  an  underlying  glacial 
deposit  (Marchant,  1990;  Marchant  et  al.,  in  press). 

Outside  the  limit  of  the  Taylor  IVb  moraine,  Marchant  (1990)  mapped  a 
number  of  older  glacial  deposits.  The  oldest  of  these  that  can  be  related  to  a 
past  expansion  of  Taylor  glader  is  Quartermain  Drift,  which  contains  volcanic 
ash  dated  at  ~  11  myr  (Marchant,  1990).  ^^Be  ages  of  Quartermain  Drift 
suggested  a  minimum  age  of  ~  3myr,  and  their  chronological  interpretation  is 
described  in  more  detail  in  Brook  and  Kurz  (1993)  [Chapter  4].  The 
Quartermain  Drift  data,  combined  witi\  data  for  two  samples  of  the  Sirius 
Group  from  Mt.  Fleming  (see  Fig.  1),  are  used  here  to  constrain  uplift  rates 
and  the  age  of  the  Sirius  Group.  Two  samples  from  Altar  Drift,  which,  based 
on  weadtering  characteristics  and  desert  varnish  development  is  one  of  the 
oldest  deposits  in  Arena  Valley  (Marchant,  1990) ,  were  also  analyzed  for  this 
purpose. 

Methods 

Sample  collection  and  rock  processing  are  described  in  more  detail  in 
Chapter  2,  Brook  and  Kurz  (1993)  [Chapter  3],  and  Brook  et  al.  (1993)  [Chapter 
4].  Samples  from  the  Arena  Valley  moraines  and  Quartermain  and  Altar 
Drift  were  collected  from  top,  horizontal  or  sub-horizontal  boulder  surfaces 
with  hammer  and  chisel.  Taylor  Valley  moraine  samples  were  collected  from 
boulders  in  the  terminal  loop  of  each  mapped  deposit.  No  corrections  for 
boxilder  geometry  or  the  affects  of  surrounding  topography  on  the  cosmic  ray 
flux  were  necessary  (see  Chapter  1).  Sub-samples  several  centimeters  thick 
were  cut  with  a  rock  saw,  crushed  in  a  jaw  crusher,  and  sieved.  A  small  (< 

2%)  correction  to  the  final  cosmogenic  nuclide  concentrations  was  made  for 
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the  sampling  interval  by  assuming  an  exponential  dependence  of  production 
rate  with  depth  with  a  scale  length  of  150  g  cm*^  and  a  density  of  22  g  cm~^ 
(Brown  et  al.,  1992;  Chapter  7).  Individual  quartz  grains,  generally  0.5-lmm  or 
1-2  mm  grains,  were  picked  tmder  a  binocular  microscope  for  helium  isotope 
analysis.  For  ^^Be  and  26 Al  analysis  bulk  sub-samples  of  0.5-1.0  or  0.5-2.0 
mm  fractions  were  used.  Samples  from  Sirius  Group  deposits  on  Mt 
Fleming  (Fig.  1)  were  all  quartzite  cobbles  or  boulders  imbedded  in  the 
sturface  of  the  deposit  and  were  collected  in  their  entirety,  and  cut  with  a  rock 
saw  in  the  laboratory.  Analytical  methods  are  described  in  detail  in  Chapter  2. 
Exposure  ages  were  calculated  using  a  sea  level  ^He  production  rate  at  >  60^ 
geomagnetic  latitude  of  118  at  gf^  yf^  (Chapters  1  and  6)  and  ^^Be  and  26 Al 
production  rates  from  Nishiizumi  et  al.  (1989).  ^He  production  rates  were 
scaled  for  altitude  and  latitude  (Chapter  1)  using  the  nuclear  disintegration 
rate  polynomials  of  Lai  (1991).  ^®Be  and  26a1  production  rates  were  scaled 
using  the  appropriate  polynomial  functions  from  Lai  (1991),  which  take  into 
accoimt  production  by  muons.  All  age  calculations  propagate  analytical 
imcertainties  only.  Systematic  uncertainties  in  production  rates  are  estimated 
to  be  on  the  order  of  15  %  (see  Chapter  1).  A  small  correction  (generally  < 

1%)  was  made  to  the  ^He  data  to  account  for  nucleogenic  production  of  ^He 
by  the  reaction  6Li(n,a)T-3He  (Chapters  1  and  7),  using  ^He  concentrations 
and  a  ^He/^He  nucleogenic  production  ratio  of  0.01±0.04Ra  (Trull  et  al.,  1991; 
Ra  is  the  atmospheric  ^He/^He  ratio).  See  Chapters  1, 3  and  7  for  further 
discussion  of  this  issue.  ^He,  l^Be,  and  26a1  measurements  and  ^He/^^Be 
and  26Al/10Be  ratios  are  tabulated  in  Table  1.  Previously  unreported 
^He/^He  ratios  and  ^He  concentrations  are  listed  in  the  Appendix  to  this 
chapter. 
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Results 


Exposure-age  dating  using  cosmogenic  nuclides  requires  several 
assumptions  (see  Chapter  1  for  a  more  detailed  discussion).  Production  rates 
must  be  known  and  closed  system  behavior  is  required.  In  addition^  the 
erosion  and  soil-cover  histoiy  of  the  dated  surface  must  be  known,  and  it 
must  have  remained  stable  and  well-exposed  throughout  it's  history. 
Measurements  of  more  dian  one  cosmogenic  nuclide  in  the  same  samples 
can  test  the  validity  of  some  of  these  assumptions.  Figure  2  illustrates  this 
approach  by  comparing  the  relationship  between  die  measured  ^^Be 
concentrations  and  ^He/^^Be  or  ratios  to  model  predictions  that 

asstune  continuous  exposure  to  cosmic  rays  (e.g.,  Klein  et  al.,  1987; 

Nishiizumi  et  al.,  1991;  Lai,  1991).  The  basic  equation  governing  the  model 
curves  in  Fig.  2  describes  the  accumulation  of  a  cosmognic  nuclide  with  time 
as  a  function  of  erosion  rate  (E,  in  g  cm"2  yr^),  production  rate  (P,  in  at  g"l  yr 
1),  decay  constant  (X,,  in  yr^),  and  the  exponential  attenuation  lengdi  that 
describes  the  decrease  of  the  production  rate  with  depth  in  rocks  (L,  in  g  cm'2) 
(eq.  1): 

=  (1), 

where  N  is  concentration  and  t  is  time. 
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Both  equations  can  be  used  to  create  die  curves  in  Fig.  2  which  show 
the  allowed  limits  of  the  relationship  between  two  cosmogenic  nuclides.  The 
curves  show  the  predicted  relationship  between  the  two  variables  for  two  end 
member  cases:  no  erosion,  and  steady  state  erosion  (see  caption  for  Fig.  2  for 
details).  In  theory,  data  falling  between  the  two  curves  are  consistent  with 
continuous  &q>osure  of  the  sturface  in  question  with  closed  system  behavior, 
although  in  practice  this  analysis  is  limited  somewhat  by  present  analytical 
uncertainties  (Fig.  2). 

Fig.  2  reveals  several  important  aspects  of  the  ^He,  26 Al,  and  l®Be 
system  in  quartz.  First,  as  noted  previously  (Brook  and  Kurz,  1993  [Chapter  3]; 
Brook  et  aL,  1993  [Chapter  4]),  many  of  the  ^He  concentrations  fall  well  below 
the  predicted  values.  Trull  et  al.  (1991)  and  Brook  and  Kurz  (1993)  [Chapter  3] 
demonstrated  that  this  is  a  result  of  ^He  loss  due  to  diffusion.  In  the 
youngest  samples  (Taylor  n  moraine)  most  of  the  data  fall  near  the  predicted 
production  ratio,  with  two  low  outliers  (SCW87-4-1  and  KBA89-66-1)  and  two 
high  outliers  (BW84-87  and  KBA89-70-1).  Note  that  the  data  in  Fig.  2  are  by 
necessity  normalized  to  sea  level  and  that  because  different  normalization  is 
used  for  ^He  and  l^Be  (Lai,  1991;  see  above)  the  plotted  ratios  are  slightly 
lower  than  tabulated  ratios.  One  of  tiie  low  outliers  (SCW87-4-1)  may  be  a 
remobilized  boulder  from  an  older  deposit  (see  below).  The  low  ^He/^^Be 
ratio  in  KBA89-66-1  may  reflect  ^He  loss  due  to  diffusion.  The  origin  of  the 
two  points  above  the  line  is  not  clecur,  but  one  of  them  (BW84-87)  has 
anomalously  low  l^Be  and  26a1  concentrations  relative  to  the  others.  The 
other  (KBA89-70-1)  has  a  ^^Be  concentration  consistent  with  the  other  Taylor 
n  samples  but  a  relatively  high  ^He  concentration.  Excess  ^He  could  have  a 
variety  of  causes,  including  nucleogenic  ^He  produced  by  the  thermal 
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3-Hc/lO-Bc 


Figure  2a.  ^He/^^Be  ratios  plotted  against  ^®Be  concentrations  for  Arena 
Valley  and  other  Dry  Valley  samples  described  in  text.  +=Taylor  II,  *=Taylor 
in,  o=Taylor  IVa,  x=Taylor  IVb,  S=Sirius  Group,  Q=Quarterman  D^, 

A=Altar  Drift.  The  data  are  normalized  to  sea  level  as  described  in  Ae  text, 
different  normalization  for  l^Be  and  ^He  (Lai,  1991)  accoimts  for  the  fact  that 
plotted  ^He/lOffe  ratios  are  slightly  lower  than  tabulated  ratios,  which  are 
calculated  for  the  sample  altitude.  Curves  on  the  figure  are  calculated  using 
equations  1  and  2.  The  bottom  curve  shows  the  evolution  of  the  relationship 
between  the  two  variables  assuming  continuous  exposure  to  cosmic  rays  with 
no  erosion.  The  top  curve  is  a  locus  of  points  corresponding  to  steady-state 
erosion  (eq.  2).  Data  for  samples  expos^  continuously,  satisfying  criteria  for 
exposiue  dating,  should  fall  between  the  two  curves.  That  most  data  fall 
below  the  lower  curve  suggests  loss  of  ^He  due  to  diffusion. 
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Figure  2b.  Similar  plot  to  2a,  but  for  and  26 a1.  Plot  symbols  and  creation 
of  the  curves  are  the  same,  except  that  in  this  case  the  upper  curve 
corresponds  to  continuous  exposure  with  no  erosion. 
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neutron  reaction  ^Li(n,a)T-3He  (Morrison  and  Pine,  1955),  exposure  to  cosmic 
rays  prior  to  deposition  (Brook  et  al.,  1993)  or  muon  capture  reactions  (Brown 
et  al.,  1991;  Chapter  7).  lire  former  seems  unlikely  since  this  sample  does  not 
contain  excess  U  and  Th,  or  Li  relative  to  the  other  samples  (Brown  et  al., 

1991;  Chapter  2)  and  no  other  evidence  that  this  mechanism  is  important  in 
these  deposits  has  been  found  (Chapter  7).  The  latter  two  mechanisms  may  be 
important  in  some  cases.  Although  the  exact  origin  of  these  high  ratios  is  not 
known,  the  isotope  systematics  (Fig.  2)  suggest  that  the  ^He  results  from  these 
points  are  anomalous. 

The  paired  26^1  and  ^^Be  data  show  much  better  agreement  with 
predicted  trends  (Fig.  2b).  However,  die  variability  in  the  data  is  larger  dian 
the  differences  between  the  two  end-member  model  calculations  (Fig.  2b). 

This  effect  is  probably  partly  due  to  analytical  error,  but  also  suggests  that 
processes  other  than  erosion  affect  the  concentrations.  For  example,  titiere  are 
several  notable  outliers  with  high  26 Al/ l^Be  ratios  in  the  youngest  samples. 
As  discussed  in  Chapter  6  such  high  26a1  concentrations  may  represent 
nucleogenic  production  of  26 Al  via  the  23Na(a,n)26Al  reaction  (e.g.,  Sharma 
and  Middleton,  1989;  Chapter  1).  Excesses  of  26 a1,  assuming  a  26Al/10Be 
production  ratio  of  6.1  (Nishiizumi  et  al.,  1989)  in  these  samples  range  bom  6 
to  10  X  10^  at  g"l.  This  value  is  signibcantly  higher  than  Sharma  and 
Middleton's  calculation  for  average  sandstone  (6  x  10^  at  g~^).  Brown  et  al. 
(1991),  based  on  measurements  of  U  and  Th  concentrations  of  less  than  1  pg/g 
in  some  previously  add  leached  Arena  Valley  sandstones,  conduded  that 
there  was  not  enough  U  and  Th  in  the  quartz  grains  to  produce  excess  26 Al, 
Because  the  add  leaching  removed  some  uranium  and  thorium  (Brown  et 
al.,  1991)  it  is  possible  that  Brown  et  al.  (1991)  underestimated  the  significance 
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of  this  reaction.  Based  on  Sharma  and  Middleton's  (1989)  calculations  steady 
state  concentrations  of  26^1  produced  by  the  23Na(a,n)26Al  reaction  are  97 
and  86  at  g"l  26^1  per  Jig/g  Na  per  Hg/g  U  or  Th,  respectively.  Brown  et  al. 
(1991)  measured  3.3  lig/g  Th  and  1.4  iig/g  U  in  a  fraction  of  sandstone  sample 
BW84-33  that  had  only  been  leached  in  HCl  prior  to  analysis.  Assuming  these 
values  are  representative  of  U  and  Th  concentrations  in  Arena  Valley 
sandstones  a  Na  concentration  of  2.6  %  would  be  necessary  to  produce  the 
observed  excess  of  10^  at  g*^  26^1..  Such  a  high  concentration  seems  unlikely 
in  these  samples,  which  are  predominantly  pure  quartz.  However,  as  the  U, 
Th,  and  Na  concentrations  have  not  yet  been  adequately  characterized  in  the 
samples  where  excess  26 Al  is  observed  it  is  not  possible  to  preclude  the 
23Na(a,n)26Al  reaction  as  the  source  of  the  excess. 

Another  possible  explanation  for  the  effect,  considered  by  Brown  et  al. 
(1991),  was  that  elevated  26a1  concentrations  might  be  produced  by  excess 
production  of  26a1  by  muon  capture  reactions  (see  Chapter  1).  Depth  profiles 
of  26  Al  concentrations  (Brown  et  al.,  1992;  Chapter  7)  show  no  signs  of 
significantly  elevated  production  by  this  mechanism,  however.  Therefore,  it 
is  hypothesized  here  that  the  exess  26 ai  is  nucleogenic.  This  issue  warrants 
further  study.  If  the  effect  is  common  it  may  limit  the  applicability  of  26 Al  for 
dating  yoimg  quartz  samples.  Future  investigation  of  this  problem  should 
attempt  to  characterize  the  U,  Th,  and  Na  concentrations  in  quartz  samples 
witii  26 Al  anomalies. 

Two  samples  (KBA89-41-2  and  KBA89-45)  have  anomalously  low 
26Al/10Be  ratios,  but  these  26 Al  analyses  have  large  errors  due  to  low  ion 
currents  (Brown  et  al.,  1991),  so  their  significance  is  uncertain.  However,  the 
low  ratios  could  be  a  result  of  a  complex  exposure  history  (see  below). 
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Because  of  the  potential  problems  with  nucleogenic  ^^Al  in  the  young 
samples/  and  ^He  loss  in  the  old  samples,  exposure  ages  are  calculated  using 
the  l^Be  concentrations  only,  except  for  the  Taylor  II  moraine  where  both  ^He 
and  isotopes  are  used  for  comparison.  Agreement  between  26a1  and 
^^Be  in  all  but  the  youngest  samples,  and  agreement  between  ^He  and  ^^Be  in 
the  yotmgest  samples,  supports  this  approach. 


Discussion 

Exposure  Age  Distribution 

The  distribution  of  ^^Be  exposure  ages  on  the  four  moraines  is 
stunmarized  in  Fig.  3.  The  data  show  a  tighter  clustering  than  earlier  work 
(Brook  et  al.,  1993  [Chapter  4).  Several  outlying  points  are  still  apparent  in  dte 
age  distributions,  however.  In  Taylor  n  and  Taylor  III  there  are  outliers  with 
both  yoimger  and  older  ages.  These  samples  share  several  characteristics  that 
suggest  they  could  be  rejected  from  mean  age  calculations.  Apart  from  the  age 
anomalies,  all  have  significantly  different  ^He/l^Be  or  ^fiAl/lOge  ratios 
relative  to  other  samples  in  each  moraine  (Table  1).  These  anomalous  ratios 
could  result  from  cosmic-ray  exposure  periods  shorter  or  longer  than  the  age 
of  the  moraine,  perhaps  due  to  post-depositioiuil  processes  like  boulders 
shifting  on  the  moraine,  surface  spalling,  or  remobilization  of  older  boulders 
by  yoimger  glacial  advances.  As  discussed  above,  nucleogenic  ^^Al,  muogenic 
^He,  and  ^He  diffusion  could  also  produce  age  anomalies.  However,  the 
older  outlying  ages  in  the  Taylor  n  and  m  moraines  are  consistent  with  the 
ages  for  bulk  of  the  samples  in  the  next  oldest  deposit  (Fig.  3),  although  note 
that  the  26Al/10Be  ratio  for  Taylor  II  sample 
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Age  (kyr) 


Figure  3.  l®Be  age  distribution  for  Arena  Valley  moraines.  High  outlying 
lOBe  ages  in  Taylor  n  and  m  are  interpreted  as  remobilized  or  exposed 
boulders  of  the  next  oldest  glacier  advance  (see  text).  Low  ages  have  no 
dehnitive  explanation  but  may  be  due  to  post-depositional  fragmentation.  In 
Taylor  n  and  m  the  outlying  ages  all  are  for  samples  not  specifically  collected 
for  Bus  study,  emphasizing  the  importance  of  sampling  techniques  in  this 
application  of  cosmogenic  nuclides.  Hie  low  ages  in  Taylor  IVa  are  believed 
to  be  a  result  of  rock>fiills  from  surrounding  cliffs  or  complex  exposure 
histories  (see  text).  See  Table  2  for  age  summary. 
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SCW87-4-1  (4.2±5.0)  is  lower  than  ratios  for  the  Taylor  lH  samples  that  have 
similar  exposure  ages  (6.710.7  to  S.fttO.T).  Finally,  note  that  all  of  the 
outlying  points  in  Taylor  n  and  Taylor  m  are  from  samples  obtained  during 
the  beginning  of  this  work,  by  field  researchers  without  significant  experience 
in  sampling  for  exposure  dating. 

In  Taylor  IVa,  where  the  moraine  limit  is  more  difficult  to  discern, 
there  is  a  broader  distribution  of  ag^,  with  three  anomalously  low  ages  and 
three  clustered  old  ages  that  have  a  mean  of  1.1  ±  0.1  myr.  Because  the  young 
ages  are  from  samples  collected  just  below  steep  sandstone  and  dolerite  cliffs 
(KBA89-40,  KBA89-47,  and  KBA89-95),  these  three  samples  may  be  rock-fall 
deposits,  that  came  to  rest  at  or  near  die  Taylor  IVa  limit.  This  hypothesis 
does  not  immediately  explain  the  low  ^b^/lOge  ratios  observed  for  samples 
KBA89-45-1  and  ICBA89-41-2,  although  note  that  both  analyses  have  fairly 
large  uncertainties  and  the  26Al/10Be  ratio  for  45-1  is  within  2-sigma  of  the 
concordance  line  in  Fig.  2.  As  suggested  above,  the  low  ratios  could  be  caused 
by  complex  exposure  histories,  e.g.,  exposure  and  burial,  then  re-exposure.  In 
this  context,  KBA89-41-2  might  be  an  older  errratic  boulder  (from  the  Taylor 
IVb  advance,  for  example)  that  was  covered  by  Taylor  IVa  ice  and  drift  Ihe 
two  outlying  ages  in  Taylor  m  support  this  idea,  in  that  they  may  suggest  the 
existence  of  1  1.1  myr  old  moraine.  The  Taylor  m  moraine  is  a  thin  loop 

composed  almost  entirely  of  boulders  deposited  directly  on  the  larger  IVa 
sequence  of  moraines  and  drift  (Marchant,  1990).  The  two  outlying  ages  most 
likely  represent  IVa  boulders  that  are  exposed  within  the  limit  of  the  Taylor 
m  advance,  but  were  not  recognized  in  the  initial  sampling  (again,  these 
earlier  samples  were  not  collected  by  our  group). 


The  problems  addressed  above,  particularly  the  outlying  ages  for 
samples  collected  at  the  beginning  of  this  work,  underscore  the  necessity  of 
very  careful  field  geology  when  sampling  for  exposure  age  dating. 

Specifically,  during  sample  collection  it  was  necessary  to  be  aware  of  the 
morphology  and  positioning  of  boulders.  Samples  were  collected  from 
boulders  perched  solidly  on  other  boulders  in  the  moraine,  primarily  to  avoid 
sampling  older  material  exposed  in  "windows"  in  younger  deposits.  Care  was 
also  taken  to  avoid  samples  that  showed  any  major  signs  of  spalling  or 
splitting  of  the  surface  and  to  collect  from  only  flat  upper  surfaces.  Through 
careful  field  geology  the  problems  of  outl3dng  ages  can  be  minimized,  as 
suggested  by  the  excellent  ^^Be  age  agreement  for  the  five  Taylor  II  and  five 
Taylor  m  samples  (BAK90  and  KBA89  samples)  collected  by  our  group  for  this 
work. 

Arena  Valley  Glacial  Chronology 

Taylor  II  Moraine.  The  mean  ages  of  the  four  deposits,  both  including  and 
excluding  the  outliers  discussed  above,  are  tabulated  in  Table  2.  The  mean 
l^Be  age  for  Taylor  n,  the  deposit  with  the  most  age  information,  is  122  ±  29 
kyr  (n=8)  and  the  mean  ^He  age  is  134  ±54  kyr.  In  previous  work  this  deposit 
has  been  identified  with  marine  oxygen  isotope  stage  5  (Denton  et  aL,  1989a; 
Brook  et  al.,  1993),  although  earlier  it  was  assigned  to  stage  7  (Hendy  et  al., 
1979).  The  stage  5  age  is  based  on  two  related  pieces  of  evidence.  U-Th  dates 
of  in  situ  lake  carbonate  sediments  interbedded  in  "Bonney  Drift,"  a  Taylor 
Glacier  deposit  down-valley  of  the  present  Taylor  Glacier  terminus  in  middle 
Taylor  Valley  (Hendy  et  al.,  1979;  Higgins,  1993),  suggest  growth  of  the  Taylor 
Glacier  at  this  time.  The  U-Th  ages  (70-120  kyr)  span  most  of  stage  5,  although 
Higgins  (1993)  suggested,  based  on  fiie  distribution  of  U-Th  ages  in  middle 
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Taylor  Valley,  that  the  maximum  expaiision  happened  during  stage  5e  (~ 
120,000  kyr).  The  aerial  distribution  of  Bonney  Drift  and  apparently 
correlative  deposits  (based  on  weathering  features  and  soil  development)  on 
the  walls  of  Taylor  Valley  allow  tentative  physical  correlation  of  Bonney  Drift 
with  the  Taylor  n  moraines  and  Drift  in  Taylor  Valley  (Denton  et  al.,  1989a). 
This  correlation  is  complicated  somewhat  by  the  fact  that  Bonney  Drift  is 
difficult  to  separate  from  apparently  older  (possibly  stage  7)  deposits  in  middle 
Taylor  Valley  that  may  have  been  deposited  at  about  the  same  level  as 
Bonney  Drift  (Higgins,  1993;  S.  Higgins,  personal  communication,  1993).  The 
exposure  ages,  however,  suggest  that  the  correlation  of  "Bonney  E>rift"  in 
middle  Taylor  Valley  with  the  Taylor  n  moraines  is  correct,  and  allows  the 
Taylor  n  deposit  to  be  used  in  reconstructions  of  the  Taylor  Glacier  proffie  at 
this  time  (e.g.,  Denton  et  al.,  1989a).  In  addition,  the  data  show  that  the 
maximum  expansion  of  Taylor  Glader  in  stage  5  happened  during  stage  5e, 
e.g.,  the  last  intergladation  (Fig.  4).  Also  plotted  in  Fig.  4  are  ^He  exposure 
ages  from  Ross  Sea  Drift  (Chapter  6),  a  glacial  drift  on  the  coast  of  McMurdo 
Sound  that  is  believed  to  have  been  deposited  by  an  expanded  ice  sheet  in  the 
Ross  Sea  at  the  last  glacial  maximum  (Stuiver  et  al.,  1981).  Chapter  6  discusses 
these  data  in  detail,  but  the  fact  that  the  ages  of  this  deposit  fall  within  the 
Wisconsin  period  strongly  suggests  that  the  conceptual  model  of  Antarctic 
glaciation  discussed  above  is  valid. 

hi  middle  Taylor  Valley,  U-Tli  ages  of  188-257  kyr  for  lacustrine 
carbonates  suggest  expansion  of  the  Taylor  Glacier  during  stage  7  (~200  kyr) 
(Hendy  et  al.,  1979;  Higgins,  1993).  The  aerial  distribution  of  the  dates 
suggests  that  the  stage  7  advance  was  similar  in  magnitude  (Higgins,  1993),  or 
slightly  smaller  (Hendy  et  al.,  1979)  than  the  the  stage  5  advance  (Higgins, 
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Figure  4.  SPECMAP  curve  (Imbrie  et  aL,  1984)  with  labeled  glacial  and 
interglacial  stages  and  ^^Be  and  ^He  exposure  ages  for  Taylor  n,  Taylor  HI,  and 
Ross  Sea  Drift  (Chapter  6).  The  exposure  age  data  are  consistent  with  the 
suggestion  that  the  Taylor  n  moraine  in  Arena  Valley  was  deposited  in 
interglacial  stage  5.  Assuming  an  interglacial  origin  for  Taylor  HI,  it  may  have 
been  deposited  in  stage  11  (see  text).  Other  evidence  (Higgins  et  al.,  1993) 
suggests  that  a  stage  7  deposit,  if  it  exists,  is  probably  buried  beneath  the  Taylor 
n  ice.  It  is  possible  that  stage  9  moraines  are  present  in  the  valley  but  have 
not  been  recognized  in  existing  mapping. 
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1993).  The  Arena  Valley  moraine  samples  came  from  the  major 
morphological  subdivisions  of  the  Arena  Valley  moraines  (Fig.  1).  The 
exposure  ages  do  not  suggest  that  any  of  them  correspond  to  a  stage  7  advance 
(~  200  kyr).  This  is  consistent  with  the  conclusion  that  die  stage  7  advance 
was  no  larger  than  the  stage  5  advance  (Hendy  et  al.,  1979;  Higgins,  1993).  The 
stage  7  deposits  may  be  buried  beneath  the  Taylor  n  drift  in  Arena  Valley. 

Taylor  III.  The  Taylor  m  mean  ^^Be  age  is  362  ±  26  kyr.  Assuming  that 
Taylor  Glacier  expands  during  interglacial  periods  this  deposit  could  be 
assigned  to  isotope  stage  9  (-300-350  Ign")  or  stage  11  (-270-440  Igrr)  (Fig.  4). 
Detrital  caibonate  clasts  in  middle  Taylor  Valley  that  may  have  been 
deposited  dviring  stage  9  range  in  age  from  300-350  kyr  (Higgins,  1979;  Hendy 
et  al.,  1983).  In  addition,  one  in  situ  caibonate  layer  was  dated  at  300±50  k3rr 
(Hendy  et  al.,  1979).  Older  carbonate  clasts  found  on  the  valley  floor  have  ages 
of  -  400  kyr,  and  may  have  been  deposited  during  stage  11  (Higgins,  1993). 

Based  on  the  ^^Be  ages,  and  the  assumption  that  the  Taylor  Glacier 
expands  during  interglacial  periods,  Taylor  m  is  assigned  to  isotope  suge  11 
here.  Although  the  mean  age  actually  falls  within  glacial  stage  10  (-340  kyr), 
it  is  important  to  consider  the  effect  of  production  rate  uncertainties  on  these 
calculations.  For  example,  only  a  5%  decrease  in  the  production  rate 
would  be  required  to  shift  the  Taylor  HI  mean  age  to  -  380  kyr,  where  it  would 
fall  in  stage  11.  This  change  would  not  change  the  conclusions  about  the  age 
of  Taylor  n  or  the  younger  Ross  Sea  Drift  ages  (Chapter  6)  displayed  in  Fig.  4, 
and  it  is  well  within  the  estimates  of  15%  systematic  imcertainty  in 
production  rates  calculated  in  Chapter  1.  Erosion  corrections  to  the  exposure 
ages  (Brown  et  al.,  1991)  would  also  increase  the  ages  slightly.  Previous 
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estimates  of  erosion  rates  in  the  Dry  Valleys,  based  on  and  26^1,  suggest 
that  erosion  rates  in  Arena  Valley  are  at  maximum  1-2  x  10"5  g  an'2  yr^  (5-10 
cm/myr).  Assuming  an  erosion  rate  of  1  x  lO"®  g  cm"2  yr"l  (-  5  cm/myr),  a  360 
kyr  lOfie  exposure  age  would  increased  to  ~  370  kyr  (eq.  1),  but  this  correction 
would  not  change  the  Taylor  n  ages  appreciably.  These  corrections  are  not 
made  to  the  individual  ages  because  uncertainties  in  calculated  erosion  rates 
are  quite  large,  on  the  order  of  100  %  (Brook  et  al.,  1993)  [Chapter  4]. 

The  assumption  of  an  interglacial  origin  can  be  questioned  given  the 
uncertainties  in  the  exposure  ages.  However,  the  combination  of  the  ^He 
expostue  ages  for  Ros  Sea  Drift  (Chapter  6  and  Fig.  4)  and  the  Taylor  n  data 
described  above  support  the  conceptual  model  suggesting  that  the  East 
Antarctic  Ice  Sheet  fluctuates  "out  of  phase"  with  northern  hemisphere 
glaciation  and  aerial  expansions  of  die  Ross  Sea  Ice  Sheet.  Further  exposure 
dating  in  the  Arena  Valley  sequence  can  be  used  to  test  the  exposure  ages  for 
Taylor  m.  The  mapped  Taylor  m  moraines  include  two  loops  (Fig.  1)  and 
only  the  outermost  one  was  sampled,  assuming,  based  on  weathering  and  soil 
development,  that  the  two  are  the  same  age  (Merchant,  1990;  Bockheim  1982). 
These  methods  are  not  sensitive  enough  to  resolve  stages  9  and  11  and  it  is 
possible  that  the  inner  loop  represents  a  later  glacial  advance.  Based  on  the 
results  presented  here,  l^Be  and  26^1  exposure  dating  could  provide  relative 
age  information  that  could  evaluate  this  hypothesis,  although  present 
uncertainties  in  production  rates  may  limit  the  accuracy  of  absolute  ages  and 
absolute  correlation  with  the  marine  isotope  record. 

Taylor  IVa  and  IVb.  The  Taylor  IVa  exposure  dates  suggest  an  age  of  1.1±  0.1 
myr.  It  is  not  possible  to  place  this  deposit  in  the  context  of  the  oxygen  isotope 
record,  which  shows  reduced  power  at  the  100  Igrr  frequency  before  the 
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Bruhnes-Matuyama  boundary  (~  800  kyr)  (Ruddiman  et  al.,  1989).  The 
behavior  of  the  Taylor  Glader  system  at  this  time  may  have  been  controlled 
by  tectonic  activity  in  the  area  rather  than  climatic  events.  The  significance  of 
the  extensive  Taylor  IVa  moraines  and  drift  may  be  that  they  represent  a 
relatively  stable  glacial  system  during  the  time  of  their  deposition.  Their 
altitude  range  (~1100-1200m)  may  reflect  slight  changes  in  the  Taylor  Glacier 
mass  balance  during  that  time  period  and/or  gradual  uplift  of  the  region  of 
100  m  over  die  last  1-2  myr.  The  latter  conclusion  is  consistent  with  the 
maximum  uplift  estimates  of  Wilch  et  al.  (1993)  based  on  the  distribution 
Taylor  Valley  volcanic  deposits  (however,  see  discussion  of  uplift  below). 

The  mean  age  for  the  Taylor  IVb  moraine  is  1.9  ±  0.1  myr  and  all  samples 
(n=5)  give  essentiaUy  the  same  age.  This  age  is  a  minimum  age  due  to  the 
effects  of  erosion  (eq.  2).  Again  assuming  an  erosion  rate  of  1  x  10*5  g  cm"2  (5 
cm/myr),  the  erosion  corrected  age  for  Taylor  IVb  is  2.1  ±  0.1  myr.  As 
suggested  previously,  these  old  ages  indicate  that  the  Taylor  Glacier  system 
was  near  its  present  configuration  throughout  much  of  the  Quaternary  and 
late  Pliocene,  ai^guing  against  a  rapidly  changing  Antarctic  ice  sheet  during 
this  time  period.  Taylor  IVb  is  also  significant  in  that  it  is  the  oldest  deposit 
in  the  valley  that  shows  definitive  signs  of  deposition  by  cold-based  ice 
(Marchant  et  al.,  in  press).  The  Taylor  Glacier  today  is  frozen  to  its  bed  near 
Arena  Valley  (Robinson.  1984),  and  die  exposure  ages  of  the  four  moraines 
provide  evidence  that  climatic  conditions  similar  to  those  of  the  present  day 
may  have  persisted  in  Arena  Valley  throughou*  much  of  the  last  2.1  myr. 

Uplift  History  of  the  Transantarctic  Mountains  and  Age  of  the  Sirius  Group 

Discovery  of  Nothofagus  sp.  wood  and  late  Pliocene  diatoms  in  Sirius 
Group  tills  near  the  Beardmore  Glacier  (several  himdred  miles  south  of 
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McMurdo  Sound)  have  led  to  the  controversial  suggestion  that  as  much  as  2.5 
kilometers  of  uplift  occured  in  parts  of  die  Transantarctic  Moimtains  (TAM) 
in  the  last  2-3  myr  (Webb  et  al.,  1984;  McKelvey  et  al.,  1991).  This  amount  of 
tectonic  activity  is  not  supported  by  geophysical  evidence  (ten  Brink  et  al., 
1993).  Furthermore,  in  the  Dry  Valleys-McMurdo  Sound  region  the 
altitudinal  distribution  of  subaerial  volcanic  cones  suggests  a  maximum  of 
100  m  of  uplift  in  the  last  2  m3rr  (Wilch  et  al.,  1993).  The  suggested  high  uplift 
rates  based  on  die  Sirius  Group  biostratigraphy  are  controversial  (Gapperton 
and  Sugden,  1990).  If  correct,  however,  the  suggested  high  uplift  rate  has 
important  climatic  implications.  Ihis  controversy  is  also  part  of  a  larger 
argument  about  the  origin  of  the  Sirius  Group.  It  has  been  suggested  diat  the 
diatoms  and  marine  sediment  found  in  Sirius  Group  tills  originated  in  an 
inland  sea  in  the  WUkes  and  Pensacola  Basins  in  East  Antarctica,  implying 
significant  degladation  in  the  late  Pliocene  (Webb  and  Harwood,  1991).  This 
controversy  therefore  has  important  implications  for  understanding  mid-late 
Pliocene  climate  and  Antarctic  ice  dynamics,  particularly  the  question  of 
possible  Pliocene  collapse  of  the  Antarctic  Ice  Sheets  (Clapperton  and  Sugden, 
1990;  Webb  and  Harwood,  1991;  McKelvey  et  aL,  1991;  ten  Brink  et  al.,  1993; 
Marchant,  1993;  Barret  et  al.,  1993;  Wilch  et  al.,  1993). 

The  concentration  of  a  cosmo^nic  nuclide  in  a  stuface  rock  depends 
on  uplift  through  the  altitude  dependence  of  the  production  rate,  which  can 
be  approximated  by  an  exponential  dependence  on  atmospheric  pressure. 
Following  Brown  et  al.  (1991)  this  relationship  is: 
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where  U  is  uplift  rate  in  g  cm"2  yr^,  L  is  tiie  exponential  attenuation  length  of 
die  pnxiuction  rate  in  die  atmosphere,  P  is  the  sea  level  production  rate,  and 
X  is  the  decay  constant.  This  equation  is  an  approximation  in  that  the 
commonly  used  relationship  between  production  rate  and  altitude  is  not  a 
simple  exponential  function  of  atmospheric  depth  (Lai,  1991).  The  altitude- 
production  rate  relationship  for  lOge  and  26 a1  rate  is  well  approximated 
(within  1-2  %)  by  an  L  of  145  g  cm*2,  however.  The  relationship  between 
nuclide  concentration  and  uplift  can  be  used  to  constrain  uplift  by  comparing 
measured  concentrations  of  the  nuclide  of  interest  to  concentrations  predicted 
by  an  uplift  model  (Fig.  5).  To  model  the  suggested  high  uplift  rates  based  on 
the  Sirius  Group  ages  a  linear  uplift  rate  of  0.43  m/kyr  was  assumed,  based  on 
the  conclusion  of  McKelvey  et  al.  (1990)  that  the  Beardmore  Glacier  region 
has  been  uplifted  at  least  1300  m  in  die  last  3  m)rr.  Model  results  were 
compared  to  the  measured  concentrations  of  26 Al  and  lOpe  in  the  Sirius 
Group  and  (^uartermain  Drift  samples  (Table  3). 

Assuming  that  the  Sirius  Group  samples  on  Mt  Fleming  were 
deposited  3  myr  ago,  as  suggested  by  some  interpretations  of  the 
paleobiological  evidence  (Mckelvey  et  al.,  1991;  Wd>b  and  Harwood,  1991), 
and  uplifted  1300m,  dien  their  altitude  at  deposition  was  765  m.  If  they  were 
initially  exposed  at  that  time  diey  should  have  final  concentrations  of  ^^Be 
and  26a1  of  34  and  133  Mat/g  (Table  3)  if  diey  experienced  the  model  uplift 
rate.  Assuming  Quartennain  Drift  and  Altar  Diamicton,  based  on  volcanic 
ash  dates  and  glacial  stratigraphy  (Mardiant,  1990)  predate  the  Sirius  Group, 
then  they,  according  to  the  model,  must  have  been  uplifted  from  near  or 
below  sea  level.  Predicted  concentrations  based  on  this  scenario  are  also 
lower  than  measured  concentrations  (Table  3).  Both  deposits  may  have  been 
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Figure  5.  Example  of  uplift  model  for  sample  BAK90'32  (see  Table  3)  after 
Brown  et  aL  (1991).  The  dotted  curves  show  the  relationship  between  ^^Be 
concentration  and  time  for  a  sample  undergoing  uplift  at  a  rate  of  4.33  x  1(H 
m/yr  (1300m  in  3  myr)  from  exposure  at  765  m  to  the  present  altitude  of  2065 
m,  at  erosion  rates  of  0,  lx  10”^,  and  lx  10^  g  cm"2  yr^  (ftom  top  to  bottom). 
The  solid  horizontal  line  indicates  the  measured  ^^Be  concentration  of  the 
sample  and  ±  5  %  anal3rtical  error.  The  solid  curve  uses  the  same  uplift 
model  but  assumes  that  the  sample  was  at  steady  state  with  respect  to  ^^Be 
production  before  uplift.  The  other  two  curves  on  the  figure  correspond  to 
uplift  at  lOOm/myr  and  no  uplift.  The  analysis  suggests  that  the  suggested 
uplift  rates  based  on  die  Sirius  Group  biostratigraphy  are  too  high  b^use  it  is 
not  possible  to  reach  the  measured  concentration  in  the  given  amoimt  of 
time  (see  text  for  further  discussion). 
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exposed  to  cosmic  rays  before  uplift,  but  even  if  the  samples  were  at  steady 
state  with  respect  to  l®Be  and  26a1  production  at  that  point  the  model 
concentrations  after  uplift  are  not  significantly  higher  (Table  3;  Fig.  5).  In  this 
analysis  it  is  not  possible  to  separate  the  effects  of  erosion  and  uplift  because 
they  both  cause  a  decrease  in  concentration  relative  to  continuous  exposure  at 
the  present  altitude  with  no  erosion.  However,  the  fact  that  in  most  cases  the 
observed  concentrations  are  significantly  higher  than  predicted  indicates  that 
the  model  uplift  rate  is  too  high.  The  low  measured  concentration  for  KBA89- 
107  is  probably  a  result  of  recent  exhumation  of  this  sample  (Brook  et  al.,  1993 
[Qiapter  4]). 

A  number  of  studies  in  the  TAM  have  suggested  much  lower  uplift 
rates,  ~  100  m/myr  (Gleadow  and  Fitzgerald,  1987;  Wilch  et  al.,  1993). 
Modeling  uplift  of  100  m/myr  in  the  same  fashion  as  die  higher  rate  (Fig.  5) 
shows  that  ^^Be  data  are  not  even  consistent  with  this  lower  uplift  rate.  In 
fact,  the  model  curve  for  no  uplift  shows  that  even  in  this  situation  the 
measured  concentration  is  not  reached  in  3  myr.  Accepting  the  production 
rates  as  accurate,  this  analysis  suggests  that  the  Sirius  Group  deposits  are 
older  than  3  myr.  The  l®Be  age  for  the  Sirius  Group  sample  BAK90-32-1, 
assuming  no  elevation  change  and  no  erosion,  is  4.0  (-.6/ +.8.)  myr  (Table  1) 
(1-sigma  analytical  imcertainty  only).  A  correction  for  an  erosion  rate  of  1  x 
10"5  g  cm"2  yr^  would  increase  the  age  to  ~  4.7  myr.  However,  because  the 
lOBe  concentration  of  this  sample  is  near  steady-state,  production  rate 
uncertainties  cause  large  uncertainties  in  the  age  calculation.  For  example, 
including  a  15  %  imcertainty  in  the  production  rate  (Chapter  1)  gives  an 
exposure  age  of  4.0  (-1.3/+3.5)  myr  and  an  erosion  corrected  age  of  4.7  (- 
1.5/+4.1)  myr.  The  discrepancy  between  the  3  myr  age  based  on  diatom 
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stratigraphy  and  older  suggested  ages  for  the  Sirius  Group  has  been  discussed 
at  length  elsewhere  (Clapperton  and  Sugden,  1991;  Marchant  et  al.,  1993). 
Perhaps  the  most  promising  potential  resolution  of  the  problem  is  the 
suggestion  that  the  diatoms  are  allocdtonous,  perhaps  due  to  transport  and 
deposition  by  wind  after  deposition  of  the  Sirius  Group  (Marchant  et  aL,  in 
press). 


Conclusions 

1)  Exposure  ages  for  die  Taylor  n  moraines  (mean  ^^Be  age  of  122  1  29  kyr)  in 
Arena  Valley  suggest  deposition  in  isotope  stages  5e  (~120  kyr).  Ihis 
conclusion  is  consistent  with  previous  suggestions  that  East  Antarctic  outlet 
glaciers  expand  during  interglacial  periods  due  to  increased  precipitation  in 
East  Antarctica  during  relatively  warmer  climates.  Stage  7  deposits,  if  present, 
are  probably  buried  beneath  the  stage  5  deposits,  suggesting  that  the  stage  7 
advance  was  limited  in  extent.  The  Taylor  m  moraine  in  Arena  Valley  has  a 
mean  exposure  age  of  362  ±  26  kyr.  If  this  moraine  was  deposited  during 
an  interglacial  period  it  most  likely  represents  deposition  during  stage  11. 

The  fact  that  the  relative  exposure  ages  for  these  moraines  cluster  in  distinct 
groups  suggests  that  future  work  of  this  type  can  provide  a  correlation  tool  for 
mapping  the  response  of  the  East  Antarctic  Ice  Sheet  throughout  the 
Transantarctic  Mountains  to  changing  climate  conditions. 

2)  Prior  to  die  deposition  of  the  Taylor  m  moraines,  two  deposits,  Taylor  IVa 
and  Taylor  IVb,  were  deposited  at  1.1  and  2.1  myr,  respectively.  They  can  not 
be  placed  in  the  context  of  the  marine  oxygne  isotope  record  with  confidence 
based  on  the  exposure  ages.  Given  the  low  amplitude  of  the  marine 
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record  during  this  time,  suggesting  relatively  small  oscillations  in  global 
temperatures  and  northern  hemisphere  ice  volume,  they  may  simply  reflect 
small  fluctuations  in  the  ice  sheet,  perhaps  combined  with  gradual  uplift  of  < 
100  m/myr.  The  presence  of  these  moraines,  which  appear  to  have  been 
deposited  by  a  cold-based  lobe  of  the  Taylor  Glacier,  however,  indicates  flutt 
the  late-Pliocene-Pleistocene  climate  in  Arena  VaUey  was  not  significantly 
different  than  today. 

Implications  for  the  behavior  of  the  East  Antarctic  Ice  Sheet  from  the 
data  presented  here  and  horn  other  studies  of  die  Dry  Valleys  region  depend 
on  the  physical  link  between  the  Taylor  Glacier  and  the  rest  of  die  East 
Antarctic  Ice  Sheet.  The  Taylor  Glacier  is  fed  by  ice  from  the  McMurdo  Dome, 
a  small  peripheral  dome  on  the  edge  of  the  larger  Dome  C.  The 
interpretation  presented  here  relies  on  the  inference  of  a  link  between  the 
history  of  McMurdo  Dome  fluctuations  and  the  dynamics  of  the  rest  of  the  ice 
sheet  (e.g.,  Denton  et  al.,  1989a).  It  has  been  suggested  that  local  precipitation 
and  tonperature  changes  also  influence  the  behavior  of  the  McMurdo  Dome 
and  related  outlet  glaciers,  however  (Drewry,  1982).  If  this  influence  is 
important,  the  data  presented  here  still  have  climatic  signiflcance,  but  their 
link  to  the  behavior  of  the  whole  of  the  ice  sheet  may  be  complex.  Exposure 
dating  in  other  parts  of  Antarctica,  and  new  ice  core  drilling  on  the  McMurdo 
Dome,  may  help  to  resolve  this  question. 

3)  Combined  ^Ofie,  26 Al,  and  ^He  measurements  on  die  same  quartz  samples 
from  Arena  Valley  glacial  deposits  indicate  signiflcant  loss  of  ^He  from  quartz 
in  samples  older  than  -  200  kyr.  General  agreement  between  ^He  and  l^Be 
ages  <  200  k3rr  suggests  that  ^He  is  retained  well  in  most  cases  in  this  age  range 
in  Antarctic  quartz.  Elevated  26 Al/ lOge  ratios  in  some  of  these  young 
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samples  indicate  a  complication  in  using  cosmogenic  ^^Al  for  exposiu^ 
chronology.  These  elevated  ratios  may  be  a  result  of  nucleogenic  production 
of  26 A1  from  the  reaction  23Na(a,n)26Al.  Furtiier  work  is  necessary  to  allow  a 
correction  for  this  effect. 

4)  l^Be  and  26 a1  concentrations  in  samples  from  Quartermain  and  Altar  Drift 
in  Arena  Valley  and  from  the  Sirius  Group  on  Mt.  Feather  are  inconsistent 
with  suggested  uplift  of  the  Transantarctic  Moimtains  of  over  1300m  in  the 
last  3  myr  (McKelvey  et  al./ 1991).  The  data  suggest  that  even  with  no  uplift, 
Sirius  Group  deposits  in  the  McMurdo  Sound  region  may  be  older  than  ages 
of  3  myr  suggested  by  biostratigraphic  evidence.  ages  calculated 
assuming  no  uplift  give  a  minimum  age  for  the  Sirius  Goup  samples  of  4.0  (- 
1.3/+3.5)  myr  and  an  erosion  corrected  age  of  4.7  (-1.5/+4.1)  myr.  Because  the 
^^Be  concentrations  are  probably  near  steady  state,  measurements  of  a  well> 
retained  stable  nuclide  like  2lNe  are  necessary  to  further  constrain  the  age  of 
these  deposits. 
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TaMcl.  and  data.  All  cmicciitndioaa  in  Mat/g.  cxpoaore  ages  calculated  aa  dcacribcd  in  text 

Sine  fanctioB  code  (Sz)  for  3He:la4l3-lmm  grains.  Zal*!  mm  grains.  Note  th^  analytical  erron  only  arc  propagated 
In  age  calculations.  and  ^A1  data  in  bold  were  originally  reported  in  Broom  et  al.  (1991).  All  other  data  arc 
from  Brook  ct  aL  (19^)  [Chapter  4]  or  are  previously  unicport^  (in  italics).  Details  of  helium  isotopic 
mcaouicmcnts  for  the  latter  are  reported  in  die  appendix  to  this  chapter. 
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Table  2.  Mean  ^^e  and  ^He  ages  for  Arena  Valley  moraines  in  kyr.  Ages 
were  calculated  using  production  rates  described  in  text  Adjusted  mean  is 
calculated  after  rejecting  outlying  points. 
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Table  3.  Comparison  of  measured  concentrations  of  ^^Be  and  in  Sirius 
Group  and  otiier  old  glacial  deposits  in  the  Dry  Valleys  with  uplift  model 
calculations.  Tlie  fact  that  measured  concentrations  are  higher  than  predicted 
concentrations  in  almost  all  cases  st^ests  that  suggested  uplift  rates  based  on 
Sirius  Group  biostratigraphy  are  too  high  (see  text).  Measured  concentrations 
are  from  Table  1  and  the  upUft  model  is  described  further  in  die  text 


Predicted  Concentrations  (Mat/g) 

Sample  Alt  Meas.  Cone  (Mat/g)  No  Pwv.  Exp.  Steady  State  Before  Uplift 

(n) 

l®Be  **A1  lOBe  ^^Al  ^®Be  ^^Al 

Sinus  Gimg> 

Assumptions:  Uplift  rateM.33  x  1(H  m/yr.  Age  of  deposit=3  x  10^  yr.  Original 
altitude3(present  altitude-lSOOm).  Erosion  Rate^. 

BAK90-32  2065  5113  192112  34  133  400  144 

BAK90-32-1  2065  5813  195119  34  133 

Quartermain  and  Altar  Drift 

Assumptions:  Uplift  ratea4.33  x  10^  ta./yt.  Age  of  deposit  given  by  (altitude/uplift  rate),  e.g., 
predict^  tune  that  surfoce  was  at  sea  level  (Mginal  altitude=0  m.  Erosion  Rate  -  0. 
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Appendix 


Previously  unpublished  ^He  concentrations  and  ^He/^He  ratios  for  samples 
described  in  Chapter  5.  All  four  Taylor  n  samples  are  whole  grains  in  0.5- 
1mm  size  fraction  and  0*3  cm  depth  in  rock.  BAK90  samples  are  1*2  mm 
chips  from  quartzite  cobbles.  All  otiier  helium  isotopic  data  for  samples 
discussed  in  Chapter  5  can  be  found  in  Chapters  3  and  4. 


^He 

Is 

3He/*H€ 

Is 

3He 

Is 

([wcgfl) 

(R/Ra) 

(Matg-l) 

Taylor  n 
KBA89-66-1 

93.4 

0.02 

0.67 

0.01 

23.2 

0.4 

KBA89-67 

3.02 

0.03 

0.43 

0.02 

47.8 

2.2 

KBA89-68 

67.5 

0.01 

134 

0.02 

33.6 

0.5 

KBA89-69 

Sinus 

31.9 

0.02 

2.47 

0.09 

29.3 

0.1 

Group 

BAK90-32 

0.15 

0.01 

319.13 

3.23 

1750 

18.5 

BAK90-32-1 

020 

0.01 

62.17 

.63 

452 

4.68 

Sample  Descriptions  for  samples  not  described  in  Brook  et  al.  (1993)  [Chapter 
41. 

KBA89-66-1 

Taylor  n  sandstone  boulder  near  central  axis  of  valley.  Fine-medium 
grained  sandstone,  2m  x  2m  x  Im  tiuck.  Perched  on  other  twulders  on 
moraine.  Sample  from  top  comer  of  top  surface  of  boulder. 

KBA89-67 

Fine-medium  grained  tabular  shaped  Taylor  11  sandstone  boulder  on 
crest  of  moraine  5  m  east  of  K6A89-66.  Im  high  x  0.6  m  long  and  wide. 

KBA89-68 

Taylor  n  sandstone,  finely  bedded  with  inteibedded  coarse  and  tine 
layers.  Irregular  shaped  boulder,  ~  0.5  m  high  x  1  m  long  and  wide.  Surface  is 
inclided  45  degrees  to  horizontal,  sample  comes  from  top  upper  comer. 
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KBA89-69 

Small,  0.5  m  wide  x  1  m  high  x  0.5  m  long,  fine-medium  grained 
sandstone  boulder  in  Taylor  II  moraine.  Brown,  weathered  surface  dipping  at 
25^.  Collected  sample  fix)m  top,  upper  comer. 

BAK90-32 

Coarse  grained  sandstone  boulder  on  Sirius  Group  till  surface  at  Mt. 
Fleming.  40  cm  long  x  20  cm  wide  x  10  cm  high.  Collected  sample  from  top 
surface. 

BAK90-32-1 

Quartzite  cobble,  ~  10  cm  in  diameter,  collected  from  till  siuface  near 
BAK90-32. 
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Chapter  6 

Cosmogenic  Nuclide  Exposure  Ages  and  Glacial 
History  of  Late  Quaternary  Ross  ^a  Drift  in 
McMurdo  Sound,  Antarctica 


Introduction 

Glacial  deposits  in  the  McMurdo  Sound-Diy  Valleys  region  of 
Antarctica  provide  a  well-preserved  record  of  late  Quaternary  Antarctic 
glaciation  (Denton  et  al.,  1971;  Hendy  et  aU  1979;  Stuiver  et  al.,  1981;  Clayton- 
Greene  et  al.,  1988;  Denton  et  aL,  1989a;  Brook  et  al.,  1993;  Dagel  et  aL,  in 
press).  Chronological  control  of  this  record  is  limited,  however,  primarily 
due  to  a  lack  of  datable  material  in  most  deposits.  Drift  sheets  rich  in  volcanic 
rocks  on  the  coast  of  McMurdo  Sotmd  are  the  most  prominent  glacial 
deposits  in  the  region.  The  distribution  of  the  youngest  of  these  has  been 
used  to  reconstruct  an  expanded,  grounded  ice  sheet  in  McMurdo  Soimd  and 
the  Ross  Sea,  diuing  the  last  glacial  maximum  (~  18  kjn*  B.P.)  (Stuiver  et  al., 
1981;  Denton  et  al.,  1989a).  Although  this  reconstruction  has  provided 
important  constraints  for  ice-sheet  modeling  (e.g.,  Thomas  and  Bentley,  1978; 
Stuiver  et  al.,  1981;  Fastook,  1984),  studies  of  post-glacial  sea  level  change  (e.g., 
Clark  and  Lingle,  1979;  Nakada  and  Lambek,  1988),  and  post-glacial  uplift  (e.g., 
Greischar  and  Bentley,  1980),  direct  dating  of  the  drift  sheets  is  necessary  to 
establish  the  linkage  between  the  timing  of  sea  level  changes  and  Antarctic 
glaciation. 

Ciurent  theories  of  Antarctic  glaciation  suggest  that  when  sea  level 
falls,  ice  on  the  Ross  ice  Shelf,  fed  by  west  Antarctic  Ice  Streams  and,  to  a  lesser 
extent,  east  Antarctic  outlet  glaciers,  grounds  in  the  Ross  Sea,  and  the 
groimded  ice  sheet  thickens  and  advances  on  to  the  coast  (Hollin,  1961; 

Stuiver  et  al.,  1981;  Denton  et  al.,  1989a). 
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Figure  1.  Distribution  of  Ross  Sea  I>rift  in  the  McMurdo  Sound  Region. 
Sample  locations  as  shown. 
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Age  constraints  for  the  youngest  drift  sheet  are  based  primarily  on  modek 
and  held  observations  suggesting  that  large  lakes  formed  in  the  Dry  Valleys 
when  the  grounded  ice  sheet  dammed  coastal  valleys.  Radiocarbon  dates  of 
lake  sediments  from  10  to  24  kyr  BP  provide,  in  the  context  of  this  model, 
absolute  chronology  for  ice  sheet  ecpansion  in  isotope  stage  2  (Stuiver  et  al., 
1981;  Cla3^n-Greene  et  al.,  1988;  Denton  et  al.,  1989a;  Dagel  et  al.,  in  press). 
Older,  analogous  drift  sheets  occur  above  the  assumed  late  Wisconsin  limit, 
and  are  believed  to  represent  groimded  ice  in  McMurdo  Soimd  diuing  older 
glacial  periods  (Stuiver  et  al.,  1981;  Denton  et  al.,  1989b).  U-Th  dates  for  lake 
carbonates  in  Marshall  VaUey  (Fig.  1)  provide  evidence  for  one  of  these 
earlier  episodes,  apparently  lasting  throughout  isotope  stage  6  (Dagel  et  aL,  in 
press).  The  radiocarbon  and  U-Th  dates,  and  correlation  of  McMurdo  Sotmd 
deposits  with  glacial  deposits  in  other  coastal  areas  of  Antarctica  (Denton  et 
al.,  1989a,b;  Bockheim  et  al.,  1989)  support  the  suggestion  that  advances  of  the 
ice  sheet  in  McMurdo  Sound,  and  by  extension  advances  of  the  Ross  Sea  Ice 
Sheet,  are  primarily  controlled  by  eustatic  sea  level  change  (Stuiver  et  al., 
1981;  Clayton-Greene  et  al.,  1988;  Denton  et  al.,  1989a;  Dagel  et  al.,  in  press). 

While  the  chronological  evidence  is  compelling,  the  conceptual  model 
relating  lake  sediment  chronology  and  glacial  history  requires  the  existence  of 
large  lakes  in  the  Dry  Valleys  during  periods  of  generally  cooler  global  climate 
(e.g.,  Clayton-Greene,  1988;  Denton,  1989a),  lower  precipitation  rates,  and 
cooler  temperatures  in  Antarctica  0oiizel  et  al.,  1987;  Denton  et  al.,  1989a; 
Jouzel  et  al.,  1989;  Jouzel  et  aL,  1990).  The  goal  of  this  chapter  is  to  provide 
new  age  constraints  for  both  the  yoimgest  drift  and  analagous  older  deposits 
by  measuring  cosmogenic  ^He,  26 Al  (half-live  7.2  x  10^  yr)  and  l^Be  (half-life 
1.5  x  10^  yr)  produced  in  situ  in  surfidal  material  collected  from  the  drift 
sheets.  An  additional  goal  is  to  examine  the  isotope  systematics  of 
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cosmogenic  ^He,  ^^Be,  and  ^A1  in  foirly  young  glacial  moraines  in 
Antarctica,  where  similar  work  has  concentrated  on  older  features  (Brown  et 
al.,  1991;  Nishiizumi  et  al.,  1991;  Brook  and  Kurz,  1993  [Chapter  3];  Brook  et 
al.,  1993  [Chapter  4];  Chapter  5).  The  ultimate  objective  is  to  establish  the 
relative  timing  of  glacial  events  related  to  the  marine-based  West  Antarctic 
Ice  Sheet  and  die  terrestrial  East  Antarctic  Ice  Sheet,  and  to  relate  that  timing 
to  global  climate  history. 


Description  of  Ross  Sea  Drift 

The  characteristics  and  distribution  of  the  drift  sheets  were  described  in 
detail  by  Stuiver  et  aL  (1981)  and  Denton  et  aL  (1989a).  The  youngest  drift  is 
distinctively  exposed  on  headlands  arotmd  McMurdo  Soimd  (Fig.  1),  and  in 
many  places  is  bordered  by  a  well-preserved  moraine,  analogous  to  moraines 
forming  at  the  edge  of  the  present  ice  shelf.  Stuiver  et  al  (1981)  refer  to  this 
deposit  as  Late  Wisconsin  Ross  Sea  Drift.  Because  die  dating  discussed  below 
suggests  that  at  least  parts  of  the  drift  sheet  may  be  early  or  even  pre- 
Wisconsin  in  age,  this  drift  sheet  is  refered  to  here  simply  as  youngest  Ross 
Sea  Drift. 

Ross  Sea  Drift  is  composed  of  till  and  stratified  sediments  made  up  of 
clasts  of  volcanic  rocks,  granite,  a  small  percentage  of  a  variety  of 
metamorphic  rocks,  and  rare  sandstone.  Clast  sizes  range  from  sand-gravel  to 
boulders  up  to  2  m^.  Lithological  characteristics,  soil  weathering,  and  clast 
sizes  are  described  in  detail  by  Stuiver  et  al  (1981).  The  basalts  in  the  moraine 
are  probably  derived  fi-om  the  McMurdo  Volcanic  Group,  which  crops  out  to 
the  south,  on  Ross  Island,  and  in  the  foothills  of  the  Royal  Society  Range,  east 
of  the  Salmon-Walcott  Glacier  region  (Fig.  1).  The  igneous  and  metamorphic 
rocks  are  probably  derived  from  local  granitic  and  n  etamorphic  basement 
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rocks.  Distinctive  clasts  of  anorthoclase  phonolite  with  large  (up  to  5  cm) 
anorthoclase  crystals,  a  rock  type  known  only  (m  Ross  Island,  occur  in  some 
parts  of  the  moraine  (north  of  Blue  Glacier  and  in  the  moudi  of  Taylor 
Valley,  see  Fig.  1)  and  these  were  used  by  Stuiver  et  aL  (1981)  to  determine 
source  areas  and  flow  directions  for  the  late  Wisconsin  ice  advance. 

The  late  Wisconsin  drift  is  commonly  fresh  appearing  aiui  ice  cored  in 
some  locations,  cavernous  weathering  of  boulders  is  rare,  and  striations  are 
preserved  on  some  protected  clast  surfaces.  In  contrast,  die  older  drifts  exhibit 
significant  cavernous  weathering  and  ventifacting  of  some  boulder  surfaces, 
and  preservation  of  striations  is  rare.  In  most  locations  the  older  drift  is  not 
subdividable,  although  Stuiver  et  al.  (1981)  discussed  earlier  work  that 
subdivided  older  Ross  Sea  Drift  in  a  number  of  locations,  including  the 
Bulwark,  lower  Taylor  Valley,  and  lower  Wright  Valley  (Fig.  1).  These 
subdivisions  require  revision  (GJi.  Denton,  personal  communication,  1993), 
and  the  work  on  the  older  deposits  is  intended  to  provide  age  constraints  that 
can  distinguish  them  from  the  younger  drift. 

Methods 

Sample  Collection  and  Processing 

Samples  were  collected  from  Ross  Sea  Drift  in  the  austral  summers  of 
1989-1990  and  1990-1991.  All  samples  of  the  youngest  drift  come  from  the 
terminal  moraine  of  the  drift  sheet  as  mapped  by  Stuiver  et  al.  (1981)  (Fig.  1). 
Samples  of  die  older  drift  were  collected  at  several  places  within  and  at  the 
edge  of  the  drift  sheets  (Fig.  1).  Two  types  of  samples  were  collected:  olivine 
and  clinopyroxene  bearing  basaltic  rocks  intended  primarily  for  analysis  of 
cosmogenic  in  phenociysts,  and  quartz  bearing  granites,  metamorphic 
rocks,  and  sandstones,  intended  for  ^He,  l^Be,  and  26^1  measurements.  The 
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samples  were  collected  ftom  the  largest  clasts  of  appropriate  lithology  in  each 
location  (see  appendix  for  more  detail).  Because  of  concern  about  post> 
depositional  mobilization,  samples  were  collected  on  the  moraine  crest,  as  far 
as  possible  from  any  frost  cracks.  Smaller  samples  were  collected  in  their 
entirety,  horizontal  top  surfaces  were  ronoved  from  larger  samples. 

Shielding  angles  of  surroimding  topography  were  recorded  for  all  sample 
regions,  maximum  shielding  at  any  azimuth  was  10  degrees.  Assuming  the 
approximate  sii^  dependence  on  zenith  angle  for  coanic  rays  (Conversi  and 
Rothwell,  1954;  see  Chapter  1)  the  associated  shielding  corrections  are 
insignificant  and  were  not  applied. 

Samples  were  cut  with  a  rock  saw  at  depths  of  ~  2-6  cm  depending  on 
rock  geometry,  crushed  in  a  jaw  crusher,  and  sieved.  For  ^He  analysis 
individual  mineral  grains  (quartz  or  olivine)  were  picked  horn  the  sieved 
fractions  (0,5-lmm  or  l-2mm),  and  rinsed  in  acetone,  methanol,  and  ethanol. 
For  lOge  and  ^^Al  analysis  100-200  g  of  rock  were  needed  because  exposure 
ages  are  young  and  sample  altitudes  are  low.  Pure  quartz  samples  (quartzites 
and  sandstones)  were  sequentially  leached  in  HF  to  remove  meteoric  ^^Be 
(Brown  et  al.,  1991;  Nishiizumi  et  al.,  1989)  imtil  approximately  40-50  %  of  the 
mass  was  dissolved,  then  spiked  with  stable  Be.  Stable  aluminum 
concentrations  were  determined  by  graphite  furnace  atomic  absorption 
spectrophotometry  (GFAAS)  in  Orsay  or  inductively  coupled  argon  plasma 
spectromety  (ICPES)  in  Woods  Hole,  and  samples  were  spiked  with  stable  Al 
to  make  a  total  of  ~  1  mg  per  sample.  An  intercalibration  experiment  between 
the  two  instruments  gave  excellent  agreement  (within  2-3  %)  for  samples 
originally  prepared  for  GFAAS  analysis  (greater  dilution  than  used  for  ICPES). 
Be  and  Al  were  separated  from  the  spiked  samples  by  solvent  extraction  of  Be- 
acetylacetoiuite  from  Na-EDTA  solution  into  carbon  tetrachloride  and 
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purification  of  A1  from  the  aqueous  phase  by  first  extracting  2'methyl-8- 
quinolinol  derivitaves  of  other  elements  into  chloroform,  then  extracting  Al- 
acetylacetonate  into  carbon  tetrachloride.  Purified  Be02  and  AI2O3  targets 
were  prepared  by  precipitating  die  Be  or  A1  as  the  hydroxide  and  heating  at 
hig^  temperature  in  a  quartz  crucible  to  convert  to  the  oxide.  The 
targets  were  prepared  by  previously  described  techniques  (Raisbeck  et  al., 

1987).  Further  details  of  chemical  procedures  can  be  fotmd  in  Raisbeck  et  al. 
(1987),  Brown  (1990),  and  in  Chapter  2. 

^He  analyses  were  performed  in  Woods  Hole  using  a  mass 
spectrometer  dedicated  to  analysis  of  helium  isotopes  in  terrestrial  rocks 
(Table  1).  The  machine  and  gas  processing  are  described  in  more  detail  by 
Kurz  et  al.  (1987),  Trull  (1989),  and  in  Chapter  2.  Olivine  samples  were 
analyzed  by  first  crushing  die  samples  in  vacuo  and  then  melting  the 
resulting  powder  in  an  ultra>high  vacuum  resistively  heated  furnace  with  a 
tantalum  crucible.  In  volcanic  rocks  die  two  analyses  are  necessary  to  separate 
magmatic  ^He  from  cosmogenic  ^He.  Magmatic  ^He  concentrations  are 
calculated  using  the  ^He/^He  ratio  of  helium  released  by  crushii^  which  is 
dominandy  magmatic  (Kurz,  1986a;  Kurz,  1986b)  and  the  total  ^He  in  the 
sample: 

3Hem*(3Hc/4He)cr(^He)t  (1) 

Cosmogenic  ^He  is  then  given  by: 

3Hec=3Hef3Hem.  (2), 
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where  cs,  f;,  and  c  stand  for  crushing,  total,  magmatic,  and  cosmogenic, 
respectively.  ^He/^He  ratios  of  helium  released  by  crushing  the  Ross  Sea 
Drift  olivine  samples  are  fairly  uiufonn,  between  6.1  and  7.1  Ra  (Ra  is 
atmospheric  ^He/^He  ratio:  1.384  x  10^),  with  d\e  exception  of  the  sample 
widi  the  oldest  exposure  age.  This  sample,  BAK90-214-2,  has  ^He/^Hecr  of 
11.2  ±  1.3  (Table  1)  and  exposure  age  of  570 1^;  the  high  ratio  probably 
represents  contamination  of  the  magmatic  component  by  a  small  amount  of 
cosmogenic  ^He  (note  that  the  effect  on  the  age  calculation  is  msignihcant). 
The  other  ^He/^Hecr  ratios  are  consistent  with  measurements  for  McMurdo 
Group  volcanic  rocks  collected  from  outcrops  in  the  region  (M.  Kurz, 
unpublished  data). 

Quartz  samples  were  analyzed  by  melting  only  or  by  crushing  and 
melting.  It  was  assumed  that  all  ^He  in  quartz  was  either  cosmogenic  or 
nucleogenic  (Brook  and  Kurz,  1993  [Chapter  3],  Brook  et  al.,  1993  [Chapter  4], 
Chapter  2).  A  correction  was  applied  to  the  total  ^He  concentrations  for 
nucleogenic  production  of  ^He  in  quartz  by  thermal  neutrons  via  ^Li(n,a)t- 
^He  (e.g.,  Morrison  and  Pine,  1955)  using  die  total  ^He  concentration  and  a 
nucleogenic  production  ratio  for  Dry  Valley  quartz  sandstone  from  Trull  et  al. 
(1991)  of  0.011  ±  0.004  Ra  (where  Ra  is  the  atmospheric  ^He/^He  ratio  of  1.384 
X 10^).  This  correction  may  be  inaccurate  if  Li,  U,  and  Th  concentrations  are 
significantly  different  in  the  Ross  Sea  Drift  samples  than  in  the  Trull  et  al. 
(1991)  samples.  However,  because  the  corrections  range  from  less  than  1  %  to 
8  %  of  the  total  ^He  in  the  four  quartz  samples,  this  uncertainty  is  not  of  great 
importance.  In  a  fifth  quartz  sample,  an  extremely  large  concentration  of  ^He 
(sample  KBA89-244,  ^He:  4  x  10"5  cc  STP  g"!)  prevented  the  inlet  of  enough 
gas  to  the  mass  spectrometer  to  make  an  accurate  ^He  measurement  without 
compromising  the  low  blank  level  of  the  system. 


161 


^He  and  ^He  blanks  ranged  from  ~  3-6  x  lO"^!  cm^  STP  for  ^He  and  ~3-8 
X  cm3  STP  for  ^He.  Reported  precision  of  ^He  concentrations  reflects 
uncertainties  in  analysis  (typically  -'2-5  %,  1  sigma),  based  on  repeated  analysis 
of  air  standards  and  imcertainties  related  to  blank  corrections  for  smaller 
samples.  Uncertainties  in  l®Be  and  26^1  concentrations  reflect  counting 
statistics  and  a  5  %  imcertainty  accounting  for  variations  in  machine  stability 
(Brown  et  al.,  1991).  Blank  corrections  are  <  2%.  All  data  are  compiled  in 
Tables  1  and  2.  See  Chapter  2  for  furdier  analytical  details. 

E}^osure  ages  were  calculated  using  ^^Be  and  26^1  production  rates 
from  Nishiizumi  et  al.  (1989)  and  Lai  (1991).  Calibrations  of  the  ^He 
production  rate  give  variable  results  (Cerling,  1990;  Kurz  et  al.,  1990).  The 
production  rate  of  Cerling  (1990),  recalculated  to  acct  it  for  the  (Bard  et  al., 
1990)  l^c-calendar  year  calibration,  is  398  ±  8  at  g"l  yr^  at  1445  m  altitude.  The 
Kurz  et  al  (1990)  production  rate  is  based  on  ^^-dated  Hawaiian  lava  flows  at 
different  altitudes.  Scaling  it  to  sea  level  using  Lai  (1991)  gives  a  mean  of  178  ± 
41  at  g"l  yrl.  To  arrive  at  an  Antarctic  production  rate  the  altitude  and 
latitude  scaling  factors  of  Lai  (1991)  were  used  to  scale  the  two  production 
rates  to  sea  level  and  high  latitude  (>  60®  N  or  S);  the  uncertainty-weighted 
mean  production  rate  is  then  118  ±9  at  g"l  yr^.  Previous  papers  (Brook  and 
Kurz,  1993;  Brook  et  al.,  1993)  used  scaling  for  altitude  and  latitude  based  on 
Lingenfelter  (1%3).  The  scaling  factors  of  Lai  (1991),  however,  allow  simple 
comparison  with  data  from  other  studies,  are  generally  used  by  other  workers, 
and  are  easily  available  in  pol3momial  form,  and  are  a  complete  and  self- 
consistent  treatment  of  the  scaling  problem.  This  issue  is  discussed  further  in 
Chapter  1.  Uncertainties  in  production  rates  have  been  discussed  previously 
(Lai,  1987;  Nishiizumi  et  al.,  1989;  Cerling,  1990;  Kurz  et  al.,  1990;  Brook  and 
Kurz,  1993).  A  15  %  uncertainty  in  aU  the  production  rates  is  suggested  as  an 
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appropriate  estimate  of  the  true  imcertaiiUy  applicable  to  calculating  an 
absolute  age  (see  Chapter  1  for  further  discussion  of  production  rates). 

No  corrections  for  erosion  (e.g.  Brown  et  al.,  1991)  are  made  to  the  data 
because  these  features  are  fairly  young  and  estimated  Antarctic  erosion  rates 
of  ~  10"5  g  cm"2yrl  (Brown  et  al.,  1991;  Nishiizumi  et  al.,  1991)  have  no 
significant  affect  on  exposure  ages  <  500  kyr.  ^He  exposure  ages  are  simply 
calculated  by  dividing  the  concentration  by  the  appropriately  scaled 
production  rate.  l®Be  and  26^.1  ages  are  given  by: 


t  = 


(3), 


where  t  is  time,  P  is  production  rate,  X  is  decay  constant  and  N  is 
concentration. 


Results  and  Discussion 

^He  Exposure  Ages 

^He  exposure  ages  for  the  youngest  Ross  Sea  Drift  (Fig.  2)  show 
significant  scatter,  as  has  been  observed  in  exposure  age  distributions  on  other 
moraine  deposits  (Phillips  et  al.,  1990;  Brook  et  al.,  1993;  Chapters  4  and  5)  but 
most  are  significantly  lower  than  100  kyr.  Figure  1  includes  three  ^He 
exposure  ages  from  quartz  samples.  The  utility  of  quartz  for  dating  with 
cosmogenic  ^He  has  been  questioned  because  of  diffusion  problems  (e.g. 
Cerling,  1990;  Brook  and  Kurz,  1993);  the  figure  includes  quartz  ^He  exposure 
ages  only  where  the  ^He/^^Be  ratio  is  consistent  with  calculated  production 
ratios  (excludes  only  one  sample-see  below),  indicating  minimal  ^He  loss. 
Ages  for  the  older  deposits  also  show  significant  scatter,  suggesting  that  they 
represent  more  than  one  drift  sheet,  but  are  distinctly  older  than  the  ages  for 
youngest  Ross  Sea  Drift. 
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Figure  2.  Histogram  of  ^He  ages  for  youngest  Ross  Sea  Drift  and  older  drifts. 
^He  ages  for  both  olivine  and  quartz  are  plotted^  with  the  exception  of  quartz 
sample  KBA89-248,  where  ^He/l^Be  and  3He/26Al  ratios  indicate  significant 
^He  loss  (see  text  and  Fig.  3). 
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^®Be  and  Ages 

The  five  ^^Be  and  26^1  measurements  and  ^^Be  and  26a1  exposure 
ages  are  compiled  in  Table  2.  Due  to  fiie  young  ages,  large  sample  sizes  (final 
sample  after  cleaning  was  ~30-50  g)  were  required  and  some  aiudytical  errors 
are  on  die  order  of  10%  (one-sigma).  26Al/10Be  ratios  for  these  samples  range 
fix>m  6.2  ±  0.6  to  14.1  ±  2.5  (Figure  3).  The  predicted  production  ratio  at  sea 
level  from  Lai  (1991)  is  6.1  ±  0.4,  and  samples  with  exposure  ages  <  100  kyr 
should  have  26Al/10Be  ratios  indistinguishable  from  this  value.  26Al/10Be 
ratios  higher  than  the  production  ratios  in  quartz  with  low  exposure  ages 
have  been  observed  before  (Chapter  5;  Brown  et  al.,  1991;  E.  Brown, 
unpublished  data,  E.  Brook,  unpublished  data)  but  their  origin  is  uncertain. 
The  most  likely  cause,  however,  is  an  excess  of  26 Al  produced  by  nuclear 
reactions  resulting  from  U  and  Th  decay.  The  most  significant  reaction 
producing  26aj  is  23Na((x,n)26Al.  ^aima  and  Middleton  (1989)  estimated 
steady  state  concentrations  of  "lO®  -  itf^  at  g"!  26 ai  produced  by  this 
mechanism  in  a  variety  of  common  rock  types.  The  excesses  of  26 ai  in  these 
samples,  assuming  a  26Al/10Be  production  ratio  of  6,  range  from  7  x  10^  at  g"l 
in  KBA89-148,  a  metasandstone,  to  3  x  10^  at  g"l  in  KBA89-143,  a  granite. 

These  values  are  very  similar  to  those  calculated  by  Sharma  and  Middleton  (6 
X  lO^  at  g"l  for  sandstone  and  5  x  10^  at  g"l  for  granite).  The  exact  value  for  an 
individual  rock  depends  on  U,Th,  and  Na  concentrations  and  on  their 
proximity  in  the  mineral  matrix  (see  Chapter  5  for  further  discussion).  These 
measurements  have  not  been  made  but  this  problem  is  imder  investigation, 
since  accurate  knowleuge  of  production  ratios  is  necessary  for  many  of  the 
suggested  geochronological  uses  of  cosmogenic  nuclides  (e.g.,  Lai,  1991;  Brown 
et  al.,  1992).  Nucleogenic  26 Al  may  be  an  important  factor  to  consider  in 
using  26 Al  to  date  recently  exposed  surfaces. 
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ages  (Table  2)  are  consistent  with  the  ^He  results  and  geographic 
trends  along  the  moraine  described  below.  The  ^^Al  ages  are  less  precise  due 
to  analytical  uncertainties,  and  are  also  influenced  by  the  probable  presence  of 
nucleogenic  ^^Al.  Despite  these  uncertainties  die  fact  that  the  ratios  are  equal 
to  or  higher  than  production  ratio  demonstrates  t  at  chemical  processing 
effectively  removes  any  atmospheric  ^^Be  contamination. 

^He  Loss ,  Inherited,  and  Nucleogenic  ^He 

Because  ^He  is  a  stable  noble  gas  d\ere  are  a  munber  of  factors  to 
consider  in  using  it  as  a  geochronometer.  These  include  the  possibility  of  loss 
of  ^He  due  to  diffusion,  and  the  possibility  of  retention  of  ^He  from  previous 
periods  of  exposure  (note  that  the  radioactive  cosmogenic  nuclides  are  not 
immime  to  this  problem,  which  depends  on  die  time  scale  of  previous 
exposure),  and  the  necessity  of  correcting  total  concentrations  of  ^He  in 
olivine  for  the  magmatic  component. 

^He  loss  ffom  quartz  has  Deen  demonstrated  to  be  a  significant  problem 
in  older  Antarctic  glacial  deposits  (Brook  and  Kurz,  1993;  Brook  et  al.,  1993). 
These  two  studies  suggested,  based  on  comparisons  of  ^^Be  and  ^He  ages,  that 
loss  would  not  be  significant  on  time  scales  of  less  than  100  kyr.  The  Ross  Sea 
Drift  quartz  samples  provide  an  opportunity  to  examine  this  hypothesis. 

With  no  diffusion,  the  ^He/^^Be  and  ^He/^^Al  ratios  in  these  samples 
should  be  equal  to  the  production  ratios.  The  production  ratios  of  ^He/^OBe 
and  3He/26Al  have  not  been  measured  directly  in  quartz,  but  based  on  the 
production  rates  assumed  above  the  ratios  are  20  ±  6  and  3  ±  0.9.  The 
production  ratios  can  also  be  calculated  using  measurements  of  ^He,  l^Be, 
and  26 Al  in  olivine  (Nishiizumi  et  al.,  1990).  Scaling  those  results  to  the 
chemical  composition  of  quartz  using  the  elemental  production  rate 
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dependence  given  by  Nishiizumi  et  al.  (1990)  suggests  production  ratios  of  24 
±  7  and  4  ±  0.7,  respectively.  For  three  of  the  four  Ross  Sea  Drift  quartz 
samples,  ^He/^^Be  ratios  are  fairly  consistent  with  each  other  and  with  the 
calculated  production  ratios  (Table  2;  Fig.  3).  (Because  of  the  potential 
problem  of  nucleogenic  26 Al,  3He/26Al  ratios  can  not  be  used  in  this 
fashion.)  These  three  samples  are  a  quartz  sandstone  (BAK90-135),  an 
extremely  well-litiufied  quartzite  cobble  (KBA89-148),  and  a  granite  (KBA89- 
143).  The  quartz  in  all  three  samples  is  composed  of  discrete,  isotropic 
mineral  grains  with  well-defined  boundaries  and  grain  sizes  between  0.5  and 
2  mm  (see  appendix  for  details).  The  fourth  sample  (KBA89-248)  is  a 
metamorphic  rock  composed  of  what  is  probably  metamorphosed  vein  quartz 
in  a  feldspathic  matrix.  In  thin  section  tiiis  quartz  is  microcrystalline,  with 
individual  domains  of  ~  10  um.  Although  the  exact  protolith  of  this  sample 
is  not  known,  this  texture  is  in  fact  common  in  hydrothermal  vein  quartz 
(e.g.,  Boiron  et  al.,  1992).  Previous  work  suggested  that  the  petrographic 
characteristics  of  quartz  samples  play  an  extremely  important  role  in 
controlling  ^He  diffusion  rates  (Brook  and  Kurz,  1993).  Specifically,  the  size 
of  individual  diffusion  domains,  not  the  macroscopic  grain  size,  is  obviously 
crucial.  This  results  for  KBA89-248,  combined  with  unpublished  observations 
of  significant  discrepancies  between  ^He,  l®Be  and  26 Al  concentrations  in 
vein  quartz  samples  in  western  Norway  (E.  Brook,  unpublished  data),  suggest 
that  vein  quartz  is  particularly  poor  in  retaining  ^He. 
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Figure  3.  Scatter  plots  of  ^He,  and  26 a1  data.  Solid  lines  show  predicted 

production  ratios  (see  text).  As  discussed  in  the  text,  ^He/l^Be  ratios  agree 
fairly  well  with  predicted  values  in  three  of  four  samples  suggesting  that  ^He 
is  well  retained  in  quartz  on  time  scales  of  <  100  kyr.  The  fourth  sample,  with 
a  low  ^He/l^Be  ratio,  contains  what  appears  to  be  r  lorphosed  vein 

quartz  with  very  small  optical  domains  and  this  cha.  istic  is  probably  the 

cause  of  ^He  poor  retentivity.  Ratios  for  individual  samples  are  printed  on 
the  figure.  Elevated  26Al/10Be  ratios  are  probably  a  result  of  nucleogenic 
production  of  26 A1  (see  text). 
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Some  unusual  helium  isotopic  effects  in  two  basalt  samples  from  Black 
Island  have  also  bea\  observed.  As  described  above,  measuring  cosmogenic 
^He  in  olivine  or  clinopyroxene  consists  of  crushing  the  mineral  separate  in 
vacuo,  releasing  magmatic  helium,  and  then  melting  the  resulting  powder  in 
a  vacuum  furnace,  releasing  a  mixture  of  cosmogenic  helium  and  magmatic 
helium  (Kurz,  1986a;  Kurz,  1986b;  Kurz  et  al.,  1990).  Although  cosmic  rays 
produce  ^He  and  ^He  in  a  ratio  of  -  0.2  (Mazor  et  aL,  1970),  cosmogenic  ^He  is 
insignificant  relative  to  magmatic  ^He  in  most  terrestrial  rocks.  ^He/^He 
ratios  obtained  by  crushing  are  therefore  normally  lower  than  ^He/^He  ratios 
obtained  by  melting,  allowing  the  simple  separation  between  the  two  ^He 
components  (e.g.,  eqs.  1  and  2). 

In  two  of  the  Black  Island  samples  (KBA89-291  and  KBA89-294,  Table 
2),  however,  the  ^He/^He  ratios  in  Che  gas  released  by  melting  olivine 
powders  are  lower  than  the  ^He/^He  ratio  released  by  crushing.  The  origin 
of  diis  effect  is  not  entirely  clear  >  ut  may  reflect  the  implantation  of  alpha 
particles  from  the  surroxmding  julmass  or  a  uranium  rich  phase  in  the 
olivines  themselves.  Ihis  effect  is  believed  to  be  confined  to  these  samples, 
however  it  is  possible  that  a  similar  ^He  component  is  present  in  other 
samples.  This  "extra"  ^He  component  would  cause  overcorrection  of  the  of 
total  ^He  for  magmatic  ^He  (eq.  2),  and  fiierefore  cause  underestimation  of 
^He  exposure  ages.  The  general  agreement  between  ^^Be,  26a1,  and  ^He  data 
suggests  that  this  effect,  if  present,  is  small,  but  it  could  explain  some  of  the 
young  outlying  ages  in  the  Miers  Valley  section  of  the  drift  sheet  (Fig.  2). 

As  a  preliminary  test  of  the  hypothesis  that  implantation  of  ^He  caused 
the  depressed  ratios,  olivine  grains  from  KBA89-291  and  KBA89-294  were 
abraided  with  silica  beads  in  an  air-abrasion  chamber  (Table  3).  The  whole, 
abraided  grains  were  analyzed  by  melting  in  the  vacuum  furnace  and  the 
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results  compared  to  the  ^He/^He  ratios  predicted  for  the  whole  grains  from 
die  crushing  and  melting  data  (Table  3).  In  one  case  (KBA89-291)  the  abraided 
grains  had  a  lower  ^He  concentration  dian  die  unabraided  grains,  suggesting 
that  the  low  ratios  in  the  melted  powder  are  not  related  to  implantation  of 
^He.  For  KBA89-294,  abraiding  the  grains  resulted  in  a  slighdy  higher  ^He 
concentration,  suggesting  removal  of  a  low  ^He/^He  ratio  phase.  Apart  from 
the  hict  diat  opposite  effects  were  observed  for  die  two  samples  this 
experiment  is  not  conclusive  because  total  ^He  concentrations  in  other 
replicate  analyses  of  olivine  from  Ross  Sea  Drift  samples  (Table  1)  often  vary 
by  a  factor  of  two  or  more.  More  detailed  abrasion  experiments  can  probably 
provide  more  information  about  the  cause  of  these  anomalies. 

Glacial  Chronology  of  Ross  Sea  Drift 

The  primary  chronological  conclusion  from  diese  data  is  that  most  of 
the  exposure  ages  along  the  sampled  area  of  the  presumed  late  Wisconsin 
Ross  Sea  Drift  fall  within  the  interval  of  10-70  kyr,  and  therefore  span  most  of 
the  last  glacial  period.  The  fact  that  samples  from  the  older  Ross  Sea  drift  are 
significantly  older  (Fig.  2)  demonstrates  that  the  two  deposits  can  be  separated 
the  basis  of  exposure  ages.  It  is  quite  possible  that  several  different  drift  sheets 
are  represented  by  the  older  ages,  and  it  is  therefore  difficult  to  interpret  the 
age  distribution.  Further  work  on  these  deposits,  combined  with  detailed 
geological  mapping,  could  significantly  improve  understanding  of  pre-late 
Wisconsin  glaciation  of  the  region. 

As  discussed  by  Brook  et  al.  (1993),  Brown  et  al.  (1991)  and  Phillips  et  al. 
(1990),  scatter  in  data  like  these  can  result  from  a  variety  of  factors,  including 
prior  exposure  to  cosmic  rays  in  outcrop  or  during  transport,  incorporation  of 
older  material  by  a  younger  glacial  advance,  spalling  or  erosion  of  boulder 
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surfaces,  past  soil  cover,  or  post-deposition  shifting  of  boulders.  In  addition, 
in  the  case  of  the  Ross  Sea  Drift  sheets  the  possibility  that  the  individtial 
regions  sampled  are  not  the  same  age  must  be  allowed.  Because  die  youngest 
drift  sheet  and  associated  moraine  are  fairly  young  features  in  an  extremely 
arid  and  cold  environment,  the  effects  of  erosion  and  other  physical 
weathering,  and  past  soil  or  snow  cover,  are  minimal.  Scatter  is  more  likely 
produced  by  previous  exposure  or  incorporation  of  older  deposits  into 
yotmger  glacial  advances.  The  oldest  ages  from  the  yoimgest  Ross  Sea  Drift 
deposit  fall  within  the  range  of  ages  for  the  older  drift  (Fig.  2),  which  is 
consistent  with  the  latter  h3rpothesis. 

Assuming  the  oldest  two  samples  (KBA89-292  and  KBA89-243)  were 
originally  deposited  by  an  older  glaciation  and  remobilized  by  a  yoimger 
advance,  the  ^He  ages  for  the  youngest  drift  sheet  range  from  8-106  kyr.  One 
simple  interpretation  of  the  ages  is  diat  they  represent  an  ice-sheet  margin 
active  throughout  the  last  glacial  period.  dating  of  lake  sediments  in 
Taylor,  Marshall,  and  Miers  Valleys  suggests  that  ice  daunmed  the  valley 
mouths  sometime  prior  to  -23-24  k)rr  B.P  (Hendy  et  aL,  1979;  Clayton-Greene 
et  al.,  1988;  Denton  et  al.,  1989a;  Dagel  et  aL,  in  press),  but  there  is  no  evidence 
constraining  the  timing  of  earlier  expansions.  U-Th  dating  of  glacial  deposits 
apparently  related  to  expansion  of  Ross  Sea  ice  in  isotope  stage  6,  however, 
suggest  that  during  that  time  ice  dammed  the  moufo  of  Marshall  Valleys 
from  -  129,000  to  182,000  years  BP,  i.e.,  spanning  much  of  the  previous  giadal 
period.  This  exposure  age  data  do  not  require  foat  a  groimded  ice  sheet  exist 
in  McMurdo  Soimd  throughout  isotope  stages  2  and  3;  there  may  have  been 
repeated  groimding  episodes  that  occupied  approximately  the  same  marginal 
position,  resulting  in  a  mixture  of  exposure  ages  along  the  present  moraine 
marking  the  limit  of  the  yoimgest  drift  sheet.  This  suggestion  is  consistent 
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with  rapid  oscillations  in  northern  hemisphere  climate,  and  by  inference  ice 
volume  and  sea  level,  observed  in  recent  ice  core  and  climate  records  (e.g., 
Dansgaard  et  al.,  1993).  This  possibility  was  also  considered  by  Dentcm  et  aL 
(1989a)  in  discussing  reconstructions  of  the  Late  Wisconsin  Ross  Sea  Ice  %eet 
based  on  the  drift  limits  shown  in  Fig.  1. 

The  age  scatter  within  the  youngest  drift  is  hurly  large,  and  based  on 
previous  work  on  alpine  glacier  moraines,  and  on  similar  studies  of  other 
moraine  systems  (Phillips  et  al.,  1990;  Brook  et  al.,  1993  [Chapter  4];  Chapter  5), 
it  is  larger  than  expected  for  an  individual  moraine.  Figure  2  shows, 
however,  that  there  is  an  apparent  geographic  pattern  in  the  exposvire  ages. 
Mean  ages  for  the  three  main  regions  sampled  decrease  in  the  order  Hjorth 
Hill  (71  ±  27  kyr,  n=4),  >  Miers  Valley  (26  ±  14  kyr,  n=5)  >  Blue  Glacier  (15  ±  6 
k3rr,  n=6).  If  this  geographic  pattern  is  real  it  suggests  additional  complexities 
in  the  depositional  history  of  the  drift  sheet. 

The  mapping  of  Stuiver  et  al.  (1981)  suggests  a  clear  separation  between 
the  yoimg  drift,  which  is,  at  most,  early  Wisconsin  in  age  based  on  the 
exposure  ages,  and  the  older  drift,  which  appears  to  be  much  older.  In  a 
number  of  locations,  however,  field  observations  and  aerial  photographs 
show  what  appear  to  be  multiple  drift  limits  at  the  approximate  location  of 
the  boundary  mapped  by  Stuiver  et  al.  (1981).  This  is  particularly  evident  in 
the  region  between  the  Howchin  and  Blue  Glaciers,  and  at  Hjorth  Hill  on 
Cape  Bemachii.  Samples  described  here  were  collected  from  the  mapped  drift 
limit  in  all  cases,  but  it  is  possible  that  the  mapping  may  be  in  error.  As 
suggested  above,  there  have  been  multiple  ice  sheet  advances  throughout  the 
Wisconsin  period,  and  the  samples  described  here  may  actually,  but 
inadvertently,  may  have  come  from  different  glacial  deposits. 


An  alternative  explanation  of  the  data  suggests  that  the  drift  was  all 
emplaced  at  the  last  glacial  maximiun  and  age  differences  along  the  moraine 
represent  prior  exposure  to  cosmic  rays  before  or  diuing  supragladal  transport 
of  the  material  on  tiie  Ross  Ice  Sheet  Reconstructed  ice  flow  directions  for 
the  late  Wisconsin  Ice  suggest  from  Quiver  et  al.  (1981)  are  shown  in  Fig.  4. 
The  reconstruction  suggests  that  ice  flowed  west  and  southwest  between  Ross 
Island  and  Brown  Peninsula,  and  southwest  between  Cape  Royds  and  Cape 
Bemacchi.  Because  the  Blue-Glader  region  ought  have  been  supplied  by 
material  from  the  Blue  Glacier  itself,  it  is  possible  that  material  deposited 
there  experienced  shorter  travel  times  than  material  in  other  segments  of  the 
moraine  (Fig.  4).  If  this  is  correct,  then  the  youngest  ages,  at  Blue  Glacier, 
most  closely  date  the  last  presence  of  ice  on  the  coast.  The  mean  age  for  the 
Blue  Glacier  samples  (15  ±  6  kyr)  is  very  close,  considering  production  rate 
imcertainties,  to  a  radiocarbon  date  of  12,330  ±  50  yr  (QL-1146)  obtained  for  an 
algae  layer  deposited  on  an  ice-contact  delta  just  landward  of  the  moraine 
segment  samples  near  the  Blue  Glacier  by  Stuiver  et  al.  (1981).  They  discussed 
this  region  in  detail  and  suggested,  based  on  curvature  of  the  drift  margin 
where  it  meets  the  Blue  Glader,  that  Ross  Sea  ice  and  Blue  Glader  ice 
coalesced  at  the  maximum  expansion  of  Ross  Sea  Ice  Sheet  in  McMurdo 
Sotind  (Fig.  1).  Stuiver  et  al.  also  suggested,  based  on  the  radiocarbon  date  and 
the  morphology  of  the  delta,  that  the  delta  was  abruptly  truncated  at  it 
seaward  side  by  ice  recession  at  ~  12  kyr  (Stuiver  et  aL,  1981).  The  fact  that  the 
^He  and  ^^Be  exposure  ages  agree  quite  well  with  the  radiocarbon  date  may 
indicate  that  they  both  are  dating  the  maximiun  time  of  ice  recession  at  this 
region.  If  the  older  ages  in  Fig.  2  are  a  result  of  previous  exposure  during 
gladal 
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Figure  4.  Reconstructed  ice  flow  directions  for  late  Wisconsin  Ice  in 
McMurdo  Sound,  Antarctica,  from  Stuiver  et  al.  (1981).  Flow  directions  are 
based  on  striation  directions  and  the  distribution  of  anorthoclase  phonolite 
erratic  boulders,  which  are  derived  from  Mt.  Erebus  on  Ross  Isand. 


transport  they  still  suggest  an  active  glacial  system  in  McMurdo  Sound  and 
the  Ross  Sea  during  die  last  glacial  period,  but  their  implications  for  die 
history  of  grounded  ice  throughout  that  time  are  not  as  clear. 

It  is  also  possible  that  some  of  the  spread  in  the  data  results  from 
exposure  to  cosmic  rays  prior  to  incorporation  in  the  glacial  deposit.  This 
hypothesis  is  difficult  to  test,  but  is  important  in  using  cosmogenic  nuclides  to 
date  any  glacial  deposit.  For  the  Ross  Sea  Drift  samples  this  is  probably  not  an 
important  process  because  the  Ross  Sea  ice  sheet  must  have  actively  eroded 
its  bed,  based  on  the  presence  of  striated  stones  in  the  drift,  the  large  quantities 
of  material  deposited,  and  bedrock  striations  found  in  the  region  (Stuiver  et 
al.,  1981). 

The  explanations  for  the  exposure  age  scatter  discussed  above  are  not 
mutually  exclusive.  However,  the  former  interpretation,  calling  on  a 
periodically  "reactivated"  glacial  limit  is  favored  here,  primarily  because 
significant  exposure  during  supragladal  transport  seems  unlikely  in  a 
dynamic,  wet-based,  ice  sheet.  Ehie  to  the  small  number  of  samples  it  is 
difficult  to  prove  that  geographical  differences  in  exposure  ages  are  real, 
whatever  their  origin,  and  more  data  will  be  necessary  to  investigate  this 
problem  further. 


Conclusions 

^He,  l^Be,  and  26 Al  exposure  ages  from  the  limit  of  "Late  Wisconsin" 
Ross  Sea  Drift  suggest  that  it  was  deposited  during  the  last  glacial  period 
(isotope  stage  2),  consistent  with  models  that  suggest  eustatic  sea  level  control 
of  grounded  ice  in  the  Ross  Sea.  The  age  distribution  (8-106  kyr)  suggests  that, 
rather  than  a  single  late  Wisconsin  glacial  event,  the  drift  limit  represents 
several  periods  of  ice  sheet  grounding.  ^He  exposure  ages  from  the  older,  but 
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analogous,  drift  sheets  exposed  above  the  "late  Wisconsin"  limit  are  distinctly 
older  them  ages  from  the  young  drift  and  range  from  104  -  567  kyr.  These 
samples  probably  represent  a  number  of  older  ice  advances,  but  the  dear 
difference  demonstrates  that  the  younger  drift  can  be  distinguished  from  the 
older  deposit  on  the  basis  of  exposure  ages. 

In  contrast  to  the  eustatic  sea  level  control  of  Ross  Sea  ice  expansion,  it 
has  been  suggested  that  the  continental  east  Antarctic  ice  sheet  fluctuates  out 
of  phase  with  global  Quaternary  glaciations,  expanding  during  interglacial 
time  when  moisture  supply  to  interior  east  Antarctica  increases.  Exposure 
dating  of  Dry  Valley  gladal  deposits  related  to  expansion  of  the  East  Antarctic 
ice  sheet  in  isotope  stage  5,  described  in  Chapters  4  (Brook  et  al.,  1993)  and  5,  in 
combination  with  the  results  reported  here,  support  this  view  (Fig.  5). 

Further  tests  of  this  chronological  model  will  require  both  further  work  on 
older  Ross  Sea  Drift,  and  on  analogous  gladal  deposits  in  other  parts  of 
Antarctica  (e.g.  Denton  et  al.,  1989b;  Bockheim  et  al.,  1989). 
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Figure  5.  SPECMAP  deep  sea  oxygen  isotope  stratigraphy  over  the  last  500  kyr 
(Imbrie  et  al.,  1982)  and  age  distributions  for  Ross  Sea  Drift  and  East  Antarctic 
outlet  glacier  moraines  Taylor  n  and  IE  (Brook  et  al.  (1993)  [Chapter  4]; 
Chapter  5).  Ross  Sea  Drift  ages  are  ^He  aees  from  this  paper,  Taylor  moraine 
ages  are  ^^Be  ages  from  Chapter  5.  The  "  /lor  Glacier  drains  the  East 
Antarctic  plateau  (Fig.  1)  and  is  theorized  to  be  controlled  primarily  by 
moisture  supply  to  the  Antarctic  interior.  The  Ross  Sea  ice  sheet  is  believed 
to  be  controlled  primarily  by  eustatic  sea  level,  leading  to  the  postulated  "out 
of  phase"  behavior  of  the  two  ice  margins  in  the  Dry  Valleys  region  (Denton 
et  al.,  1989b).  The  exposure  ages  support  this  suggestion  in  that  the  Ross  Sea 
Drift  ages  fall  mainly  within  isotope  stage  2,  while  Taylor  II  ages  suggest 
deposition  in  isotope  stage  5  (see  Brook  et  al.,  1993  and  Chapter  5  for  more 
details).  Taylor  III  is  more  difficult  to  place  in  the  stratigraphy,  but 
assuming  it  is  an  interglacial  deposit,  may  represent  isotope  stage  9  or  11. 

Note  that  the  use  of  somewhat  uncertain  production  rates  (see  text)  could 
impose  systematic  errors  in  age  calculations.  For  example,  if  the 
production  rate  were  5%  lower  than  the  rate  used  the  conclusions  about  the 
Ross  Sea  Drift  ages  and  the  Taylor  II  ages  would  not  change,  but  the  Taylor  ID 
ages  would  increase  enough  to  be  superimposed  on  the  stage  11  maximum  in 
the  isotope  curve. 
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TaU*  1.  HcliniB  iaolofric  data  for  Rom  Sea  Drift  saoiplM.  R/Ra  U  ^Hc/^Hc  ratio  relative  to  atmospheric  ratio  (1384 
xlIT^  olaMtlivin^  qxiuait^  axmahing,  mameltii^  Szaginin  eiz«  0.5>liiiiii,  2>-2  mm,  3s>2mm.  Exposure  ages 
calcnlaicd  as  descril^  in  text  Age  uncertainties  arc  propagated  analytical  uncertainties  ordy. 
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Tri>le  1  continued. 
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BAK90-155<i 

265 

m 

1 

478.0 

ai 

0.00 

051 

256 

051 

2.17 

054 

14 

2 

BAK90-136OI 

265 

cr 

1 

26.1 

ai 

0.13 

059 

651 

056 

^48 

ai6 

16 

1 

m 

12J 

0.1 

050 

0.14 

551 

056 

BAK90-137at 

265 

cr 

2 

28.1 

0.1 

656 

0.09 

6.96 

0.10 

158 

0.19 

14 

1  • 

m 

6.6 

0.1 

1456 

0.44 

350 

0.11 

cr 

755 

0.1 

652 

059 

19.16 

056 

250 

0.40 

m 

5J 

0.1 

1750 

050 

3.76 

0.13 

BAK90-138O1 

265 

cr 

2 

22.9 

0.1 

759 

050 

6.04 

055 

152 

0.46 

10 

3 

m 

85 

0.1 

1152 

050 

355 

0.17 

ICBA89-139-1 

ol 

265 

cr 

2 

315 

0.1 

657 

0.10 

7.98 

0.11 

158 

ai9 

10 

1 

m 

75 

0.1 

U.79 

055 

3.40 

0.07 

BAK90-139-2 

ol 

265 

cr 

865 

0.4 

6.11 

0.07 

19.63 

054 

4.16 

053 

27 

3 

m 

235 

0.1 

1054 

0.41 

953 

056 

Older  Drift 
KBAB9-239al 

374 

cr 

2 

1.1 

0.1 

754 

051 

051 

0.03 

28.66 

058 

167 

2 

(Mias  VtUei/) 

m 

55 

ai 

15556 

151 

30.14 

052 

BAK90-141O1 

495 

cr 

2 

36.6 

0.1 

656 

0.16 

953 

052 

3854 

056 

2U 

5  • 

(OmOaia) 

m 

45 

0.1 

238.09 

351 

3958 

056 

cr 

835 

05 

650 

0.09 

21.12 

059 

42.19 

152 

m 

285 

0.1 

46.67 

058 

4958 

052 

BAK90-247O1 

545 

or 

2 

65 

0.1 

650 

0.49 

154 

0.12 

66.19 

4.14 

330 

21 

(HowMh 

CUda) 

m 

29.8 

0.1 

66.08 

153 

73.17 

151 

BAK90-249<il 

545 

or 

2 

1175 

05 

6.74 

0.09 

2959 

0.42 

22.04 

154 

110 

7 

(Howdm 

ClMda) 

m 

1035 

05 

12.49 

055 

47.91 

1.01 

BAK9(V2«3oi 

SIO 

or 

2 

34.4 

05 

652 

0.13 

8.73 

0.17 

ra.49 

1.42 

272 

7 

(Gmwaod 

Valley) 

m 

8.4 

0.1 

175.74 

4.48 

54.61 

1.40 

BAK90-262-1 

ol 

(Ctrwooi 

510 

cr 

2 

35 

0.1 

^55 

0.72 

051 

0.09 

20.07 

053 

104 

3 

m 

10.1 

0.1 

6050 

1.00 

22.64 

058 

Valley) 

BAK90-214-2 

ol 

(Bulwark) 

480 

cr 

2 

1.9 

0.1 

11.19 

157 

0.78 

059 

108.70 

659 

572 

35 

m 

129.7 

05 

33.73 

0.40 

162.69 

2.16 

*ineinof 

leplicales 
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Table  2.  and  data  for  Ross  Sea  Drift  Quartz  Samples.  Age 

uncertainties  reflect  anal3^cal  error  only. 


Sample 

GolSz. 

^He 

Is 

l®Be 

Is 

26aI 

Is 

(nun) 

(Mat/g) 

(Mat/g) 

(Mat/g) 

BAK90-135 

0.5-1 

2.17 

0.24 

0.11 

0.01 

0.75 

0.10 

KBA89-143 

1.0-2.0 

6.38 

0.15 

0.32 

0.02 

4.56 

0.78 

KBA89-U8 

1.0-2.0 

10.75 

0.14 

0.41 

0.03 

2.52 

0.24 

KBA89-248 

1.0-2.0 

1.84 

0.96 

0.22 

0.02 

1.75 

0.36 

KBA89-244 

0.5-1 

0.16 

0.02 

1.66 

0.19 

3HeA®Be 

Is 

3He/26Al 

Is 

26Al/10Be 

Is 

BAK90-135 

20.26 

3.16 

2.88 

0.49 

7.05 

0.90 

KBA89-143 

19.68 

1.50 

1.40 

0.24 

14.07 

2.41 

KBA89-148 

26.29 

1.71 

4.27 

0.41 

6.16 

0.60 

KBA89-248 

8.30 

4.37 

1.05 

0.59 

7.88 

1.60 

KBA89'244 

10.71 

1.24 

Alt  (m) 

^He  Age 

Is 

^®Be  Age 

Is 

A1  Age 

Is 

(kyr) 

(kyr) 

(kyr) 

BAK90-135 

265 

14.2 

1.6 

13.7 

1.5 

16.1 

2.0 

KBA89-143 

309 

39.9 

0.9 

40.0 

2.9 

97.3 

16.6 

KBA89>148 

309 

66.6 

0.9 

51.2 

3.3 

52.6 

5.1 

KBA89-248 

253 

12.7 

3.8 

28.7 

2.4 

38.2 

7.7 

KBA89-244 

253 

20.1 

2.0 

362 

4.2 
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Table  3.  Results  of  air  abrasion  experiment  for  olivine  mineral  separates 


from  Black  Island  basalt  samples. 

4He  Is 

R/Ra 

Is 

3He 

Is 

KBA89-294 

crush 

(cc 

STP/g) 

7.45e-09 

9.63e-12 

6.82 

0.30 

(cc 

STP/g) 

7.03e-14 

3.13e-15 

l-2nun  grains 
Before  Abrasion 

melt 

1.45e-08 

1.07e-ll 

4.49 

0.54 

9.00e-14 

1.08e-14 

total 

2.19e-08 

1.44e-ll 

5.28 

0.37 

1.60e-13 

1.13e-14 

KBA89-294 

total 

1.52e-08 

1.69e-ll 

5.84 

0.09 

1.23e-13 

1.96e-15 

O.S-lnun  grains 
After  Abrasion 

Abrasion  weight  loss  =  29% 

KBA89-291 

crush 

1.02e-09 

1.29e-12 

4.89 

0.98 

6.89e-15 

1.37e-15 

1-2  nun  grains 
Before  Abrasion 

melt 

1.26e-08 

8.07e-12 

0.79 

0.07 

1.38e-14 

1.13€-15 

total 

1.36e-08 

8.17e-12 

1.10 

0.09 

2.07e-14 

1.78e-15 

KBA89-291 

total 

l.lOe-07 

8.44e-ll 

0.56 

0.02 

8.45e-14 

3.19e-15 

1-2  nun  grains 

After  Abrasion 

Abraision  weight  loss  s  60  % 
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Chapter  6  Appendix.  Ross  Sea  Drift  Sample  Descriptions. 

Cape  BemacchiiHjorth  Hill 
KBA89-140 

Olivine  and  clinopyroxene  phyric  basalt  20  cm  wide  x  15  cm  wide  x  7 
cm  high,  half-buried  in  sand/gravel  moraine  matrix,  with  large,  1-3  mm 
olivine  and  2-5  mm  clinopyroxene  grains.  Bottom  half  of  boulder  has 
extensive  soil  carbonate  coating. 

KBA89-142 

Massive,  olivine  and  clinopyroxene  phyric  basalt  cobble  half-buried  in 
moraine  crest.  Boulder  is  ~  10  cm  x  10  cm  x  10  cm,  sub-angular,  wid\  soil 
carbonate  on  lower  surfaces,  2-3  %  1-3  mm  olivine  and  2-4  %  2-4  nun 
clinopyroxene. 

KBA89-143 

Coarse-grained  granite  boulder,  approximately  60  cm  long  x  40  cm  wide 
X  25  cm  high.  Collect^  1  m  from  crest  of  Ross  Sea  Drift  moraine.  Sample 
collected  from  top,  horizontal  surface  of  boulder.  1-2  mm  whole  quartz  grains 
free  of  surface  alteration  picked  from  sieved  fraction. 

KBA89-148 

Extremely  well  lithified  quartzite  clast  approximately  10  cm  long  x  5  cm 
wide  and  high.  Bottom  surface  buried  in  drift,  top  exposed.  Entire  clast 
collected.  Oiiginal  0.5-2mm  quartz  grains  of  sample  are  visible  in  rock  but 
crushing  sample  produced  fragments  broken  across  grain  boundaries.  1-2 
mm  quartz  grains  free  of  surface  alteration  picked  from  sieved  fraction. 


Miers  Valley 
KBA89-241 

Basalt  cobble,  12  cm  long  x  10  cm  wide  x  5  cm  high.  Collected  about  1  m 
seaward  of  morciine  crest  in  a  slight  swale.  Contains  several  olivine-rich  and 
clinopyroxene-rich  xenoliths  or  megacrysts  up  to  4  art  diameter.  Sampled 
olivine  from  one  xenolith  for  analysis  at  0-4  cm  depth. 

KBA89-243 

Rounded,  25  cm  long  x  10  cm  wide  x  12  cm  high,  basalt  boulder  on  crest 
of  moraine,  partially  buried  in  volcanic  rich  moraine.  Approximately  3-4  % 
1-4  mm  olivine  and  2-3  %  1-10  mm  clinop)a’Oxene  grains  in  fine  grained 
black-gray  matrix. 
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KBA89-244 

Pegmatite  or  metapegmatite  cobble  ~  17  cm  long  x  10  cm  wide  x  5-10  cm 
high,  collected  1  m  landward  of  moraine  crest.  Contains  large,  up  to  3-4  cm 
quartz  and  feldspar  grains  within  foliated  biotite  layers.  70  %  feldspar,  20-25 
%  quartz,  5-10  %  biotite. 

KBA89-245 

Vesicular,  olivine  phyric  basalt  cobble,  20  cm  long  x  12  cm  wide  x  6  cm 
high.  Collected  0.5  m  from  moraine  crest  on  seaward  side.  Rock  is  ~  20  % 
vesicles  and  -  15  %  0.1-3iiun  olivine  crystals  in  grey  matrix. 

KBA89-246-2 

Massive  basalt  boulder,  15cm  long  x  10  cm  wide  x  6  cm  high,  resting  in 
gravel  at  moredne  crest,  with  thick  accumulation  of  salts  on  lower  surfaces. 
Rock  is  5-10  %  clinopyroxene,  2-5  %  olivine. 

KBA89-247 

Angular  olivine  phyric  basalt  cobble  15  cm  long  x  10  cm  high  x  10cm 
wide.  5  %  olivine  phenocrysts  up  to  4  nun.  Collected  from  top  of  moraine 
crest. 

KBA89-248 

Metamorphic  rock  composed  of  thick  bands  of  feldspar  and  quartz  - 
probably  a  metamorphosed  pegmatite  or  quartz  vein.  15  cm  wide  x  25  cm 
long  X 15  cm  high.  Outer  siirface  weathered  brown. 


Black  Island 
KBA89-291 

Basalt  cobble,  1-4  %  1-3  mm  olivine  phenocrysts,  5-10  %  1-6  mm 
clinopyroxene  phenocrysts. 

KBA89-292 

Basalt  cobble,  10  cm  x  10  cm  x  10  cm.  5  %  olivine  and  1-2  % 
clinopyroxene  phenocrysts  up  to  2  mm.  Moraine  limit  here  composed  of 
several  anastomosing  ridges,  this  sample  was  collected  from  the  second- 
outermost  ridge  at  this  location. 

KBA89-293 

Basalt  cobble,  20  cm  long  x  10  cm  wide  x  10  cm  high.  Bottom  half  of 
boulder  encrusted  with  soil  carbonate.  5  %  olivine,  1-2  %  clinopyroxene 
phenocrysts  up  to  5  mm.  Collected  from  moraine  ridge  just  below  ridge 
containing  KBA89-292. 
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KBA89-294 

Rounded  basalt  cobble,  15  cm  long  x  10  cm  wide  x  6  cm  high.  3-4  %  1-4 
mm  olivine,  5-10  %  1-10  mm  clinopyroxenes.  Collected  from  crest  of 
moraine  ridge. 

KBA89-295 

Basalt  cobble  with  polished,  flat  upper  surface,  30  cm  long  x  30  cm  wide 
x  10  cm  high.  1-2  %  olivine  and  3-4  %  clinopyroxene  in  grey  massive  matrix. 

KBA89-2% 

Basalt  cobble,  30  cm  wide  x  30  cm  long  x  10  cm  thick  5  %  0.5-lmm 
olivine  and  clinopyroxene  in  dark  black  masive  matrix. 

Blue  Glacier 
BAK90-135 

Sandstone  boulder,  40  cm  long  x  25  cm  wide  x  20  cm  high,  composed  of 
moderately  sorted,  rounded,  0.5-lmm  quartz  grains,  ~100  %  quartz.  Mulder 
on  moraine  surface,  not  buried  in  gravel  matrix. 

BAK90-136 

Basalt  cobble,  20  cm  long  x  14  cm  wide  x  10  cm  high,  with  thick 
carbonate  encrustation  on  bottom  half.  2  %  olivine  phenocrysts  up  to  1  mm. 
Collected  2  m  from  crest  of  moraine. 

BAK90-137 

Basalt  boulder  on  moraine  crest,  20  cm  wide  x  30  cm  long  x  11  cm  high. 
Sparsley  olivine  and  clinopyroxene  phyric.  Bottom  half  of  boulder  buried  in 
moraine  crest,  soil  carbonates  coat  bottom  surface. 

BAK90-138 

Large  olivine  and  clinopyroxene  basalt  boulder,  30  cm  wide  x  30  cm 
long  X  8  cm  high.  5  %  olivine  and  clinopyroxene  (up  to  2  mm). 

BAK90-139-1 

Dense  basalt  cobble  with  3-5  %  1-3  mm  olivine  phenocrysts.  Carbonate 
encrustation  on  bottom  half  of  cobble.  Sample  collected  from  crest  of 
moraine  150  m  south  of  BAK90-137. 

BAK90-139-2 

Vesicular  basalt  boulder,  irregular  shape,  24  cm  long  and  wide,  12  cm 
high.  2-  4  %  2-3  mm  olivine.  Carbonate  crust  on  bottom  surfaces. 
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Older  Ross  Sea  Drift 


Miers  Valley 
KBA89-239 

Basalt  cobble  (erratic)  on  granitic  bedrock  above  liiriit  of  late  Wisconsin 
Drift.  Olivine  phyric  basalt  with  significant  evidence  of  wind  abrasion  (pitted 
stirfaces  and  ventifation).  Sample  is  p)rramidal,  15  cm  at  base  and  120  cm 
high.  5-8  %  1-5  mm  olivine  in  massive  black  matrix. 

Blue  Glacier 
BAK90-141 

Basalt  cobble  in  drift  above  late  Wisconsin  limit  at  Blue  Glacier  region. 
Vesicular  basalt  cobble,  40  cm  long  x  30  cm  wide  x  10  cm  long,  with  5  %  1-3 
mm  olivine  phenocrysts. 

Howchin  Glacier 
BAK90-247 

Older  Ross  Drift  basalt  boulder,  15  cm  wide  x  15  cm  long  x  10  cm  high, 
partially  buried  in  moraine.  15%  0.1-5  mm  olivine  grains  in  grey,  fine 
grained  ground  mass.  Sample  collected  from  low  morainal  feature  parallel 
to,  but  above  and  outside  of,  the  Late  Wisconsin  Drift  limit. 

BAK90-249-2 

Older  Ross  Drift  basalt  boulder  from  same  location  as  BAK90'247.  13 
cm  long  x  10  cm  wide  x  8  cm  high.  Contains  ~  3-4  %  olivine  with  several 
olivine  megacrysts  or  xenoliths  up  to  1.5  cm  diamater,  in  grey-black  aphanitic 
matrix. 

Garwood  Valley 
BAK90-263 

Older  Ross  Sea  Drift  basalt,  collected  at  contact  of  surface  of  older  drift 
with  metamorphic  bedrock.  Pyramidal  in  shape,  11  cm  at  base  and  9  cm  high; 
-  5%  olivine,  5%  clinopyroxene,  with  two  visible  olivine  and  clinopyroxen^ 
megacrysts  on  surface. 

BAK90-262-1 

Same  location  as  BAK90-263.  Basalt  boulder,  20  cm  x  20  cm  x  10  cm 
high  with  irregular  but  approximately  flat  upper  surface.  ~  5  %  up  to  10  mm 
clinopyroxene  and  2-3  %  0.5-lmm  ohvine  in  grey  aphanitic  matrix. 
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Chapter  7 

Depth  profiles  of  cosmogenic  3He,  lOBe,  and  26 A1  in 
Antarctic  Sandstone  Bedrock 
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Introduction 


The  accumulation  of  cosmic-ray  produced  nuclides  in  terrestrial  rocks 
provides  a  new  geochronometer  that  has  great  potential  for  dating  exposed 
geological  and  archeological  surfaces.  Although  application  of  cosmogenic 
nuclides  to  geological  problems  is  beginning  (e.g.,  Kurz  et  al.,  1990;  Phillips  et 
al.,  1990;  Brown  et  al.,  1991;  Nishiizumi  et  al.,  1991;  Phillips  et  aL,  1991;  Brook 
et  al.,  1993),  further  tmderstanding  of  cosmogenic  nuclide  systematics, 
including  production  mechanisms,  production  rates,  and  noble  gas  diffusion, 
is  necessary  to  fully  utilize  cosmogenic  nuclides  in  surface  exposure  studies. 

Depth  profiles  of  cosmogenic  nrdides  in  terrestrial  bedrock  can  shed 
light  on  many  of  these  processes  (e.g.,  Kurz,  1986;  Brook  et  al.,  1992;  Brown  et 
al.,  1992;  Olinger  et  al.,  1992).  For  example,  cosmogenic  nuclides  like  ^He, 
l^Be,  and  26 Al  can  be  produced  by  both  neutrons  and  muons  in  terrestrial 
rocks  (see  Chapter  1).  Although  the  muogenic  component  in  most  cases 
appears  to  be  a  minor  percentage  (<  10-15  %)  of  the  total  (Kurz,  1986; 
Nishiizumi  et  al.,  1989;  see  Chapter  1)  the  production  rates  of  cosmogenic 
nuclides  via  this  mechanism  are  not  well  determined.  Muons  are  weakly 
interacting  particles  relative  to  neutrons;  the  exponential  path  length  for 
muon  stopping  is  approximately  an  order  of  magnitude  greater  than  for 
neutron  interactions  (Lai,  1987).  Therefore,  the  importance  of  muogenic 
production  of  cosmogenic  nuclides  increases  with  depth  in  rocks  (Kurz,  1986; 
Lai,  1987)  and  depth  profiles  can  potentially  separate  the  muon-produced  and 
neutron-produced  components  of  cosmogenic  nulcide  production. 
Constraining  the  production  rates  due  to  both  mechanisms  is  important  for 
further  application  of  cosmogenic  nuclides  to  geological  problems. 
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Depth  profiles  can  also  potentially  shed  Ught  on  processes  affecting  the 
retention  of  cosmogenic  noble  gases  in  minerals.  For  example.  Trull  et  al. 
(1991),  Brook  and  Kurz  (1993),  and  Trull  et  al.  (1993),  suggested  that  solar 
heating  of  rock  surfaces  might  cause  accelerated  loss  of  ^He  due  to  diffusion. 
Because  the  importance  of  solar  heating  should  decrease  with  depth  in  the 
rock  (Trull  et  al.,  1993),  this  effect,  if  sigiuficant,  should  be  evident  in  drill  core 
data. 

This  chapter  describes  results  hrom  two  bedrock  cores  taken  from 
sandstone  bedrock  surfaces  in  the  Antarctic  Dry  Valleys  region.  The  goal  was 
to  use  depth  profiles  of  ^He,  l^Be  (ti/2=1.6  x  10^  yr),  and  26 Al  (ti/2=7.2x  lO^ 
yr)  in  the  same  samples  to  further  understand  production  mechanisms  of 
these  nuclides  and  loss  mechanisms  of  cosmogenic  ^He  in  quartz.  ^He  results 
for  one  of  the  two  cores  (KBA89-77)  were  presented  by  Brook  et  al.  (1992)  and 
the  l®Be,  and  26a1  data  for  this  core  were  published  origmally  by  Brown  et  al. 
(1992). 


Methods 

Samples 

The  cores  were  drilled  in  two  sandstone  bedrock  surfaces  in  the  Asgard 
range  of  the  Transantarctic  Mountams  near  McMurdo  Station  (Fig.  1).  The 
first  (KBA89-77),  collected  in  the  1989-90  field  season,  came  fi-om  a  flat, 
exposed,  bedrock  terrace  on  a  saddle  above  the  east  wall  of  Areiu  Valley  at 
1700  m  altitude  and  was  drilled  in  the  Beacon  Heights  Orthoquartzite,  an 
upper  Devonian  formation  of  the  Beacon  Supergroup  (McElroy  and  Rose, 
1987).  This  rock  is  a  95-100  %  quartz,  fine-medium  grained,  well-sorted, 
sandstone  with  well-roimded  0.1-0.7  mm  grains  and  a  small  percentage  of 
interstitial  clay  minerals  and  iron  oxide  cement.  The  second  core  (BAK90-79) 
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was  collected  h'om  a  flat  bedrock  surface  at  2065  m  altitude  near  the  summit 
of  Mt.  Fleming  in  the  1990-91  field  season,  and  was  drilled  in  the  Feather 
Conglomerate,  a  Permo-Triassic  formation  of  the  Beacon  Supergroup.  This 
surface  is  on  a  broad  terrace,  ~  1  km  in  diameter,  and  is  near  outcrops  of  the 
late  Pliocene  Sirius  Group,  that  have  been  interpreted  to  be  as  yoimg  as  3  myr 
based  on  biostratigraphic  evidence  (McKelvey  et  al.,  1991).  This  rock  is  a 
coarse-grained,  poorly  sorted  sandstone,  with  ~90-95  %  angular  quartz  grains 
from  0.1-2inm  diameter,  with  5-10  %  interstitial  clay  minerals  and  minor 
carbonate  cement. 

The  cores  were  collected  with  a  gasoline  powered  }KS-Bowles  Model  10 
rock  drill  with  a  diamond  impregnated  coring  bit  and  extensions.  A  water- 
ethanol  mixture  was  used  as  a  cutting  fluid  and  drill  coolant.  Sections  of  5-20 
cm  were  cored  and  removed  sequentially. 

Subsamples  of  2-3  cm  were  cut  from  individual  sections  at 
approximately  equally  spaced  intervals.  Rock  densities  were  determined  by 
weighing  core  sections  and  measuring  exterior  dimensions  to  calculate 
volume.  No  significant  variations  of  density  with  depth  were  apparent  from 
these  measurements.  Mean  densities  were  2.1  g  cm"3  for  KBA89-77  and  2.2  g 
cm"3  for  BAK90-79.  Rock  depths  in  units  of  g/cm2  were  calculated  using 
measured  densities  and  mean  depths  of  the  subsamples.  These  units  are  used 
throughout  to  normalize  for  density  variations  and  allow  comparison  with 
other  studies.  Core  recovery  was  generally  complete  in  the  sense  that  there 
were  few  gaps  in  the  sections  that  represented  void-spaces  in  the  rocks.  Both 
cores  are  quite  friable  and  material  was  lost  during  recovery  of  the  samples, 
making  the  density  calculation  necessary  (as  opposed  to  weighing  the 
recovered  pieces). 
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Figure  1.  Location  map  showing  locations  of  two  beldrock  cores  described  in 
text  KBA89-77  was  collected  in  1989  at  an  altitude  of  1700  m.  BAK90-79  was 
collected  in  1990  at  an  altitude  of  2065  m. 
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Analytical  Methods 

Helium  isotopes  were  measured  in  handpicked,  sieved,  size  fractions 
of  the  sub-sampled  sections.  For  KBA89-77,  the  03-0.7  mm  diameter  fraction 
was  selected;  these  are  the  largest  grains  in  the  rock.  All  grains  analyzed  were 
whole,  roimded  quartz  grains;  multi-grain  aggregates  of  smaller  grains, 
common  in  sieved  fractions,  were  excluded.  The  0.2-0.3  mm  fraction  was  also 
separated  from  some  samples  from  this  core  to  examine  the  effect  cf  grain 
size  on  cosmogenic  ^He  concentrations.  In  BAK90-79  both  0.5-0.7  mm  and 
1.0-1.3  mm  grains  were  analyzed.  Helium  isotopes  were  measured  at  WHOI 
and  all  samples  were  melted  in  a  resistively  heated  ultra-high  vacuum 
furnace  with  a  tantalmn  crucible.  Gas  processing  and  mass  spectrometry  are 
described  in  Chapter  2. 

lOfle  and  26a1  were  measured  at  the  AMS  facility  in  Gif-sur-Yvette, 
France.  Because  several  grams  of  material  are  needed,  a  larger  range  of  grain 
sizes  were  used  than  in  die  ^He  anal3rsis.  The  KBA89-77  measurements  were 
made  by  Brown  et  aL  (1992)  and  used  either  the  0.5-1.0  or  0.25-1.0  mm  size 
fraction.  Anal3^cal  techniques  for  the  ICBA89-77  samples  are  described  by 
Brown  et  al.  (1992).  The  BAK90-79  samples  were  processed  in  Woods  Hole 
using  essentially  the  same  techniques  except  that  the  samples  were  not  sieved 
because  adhering  clay  minerals  were  not  effectively  removed  by  sieving. 
Instead,  fine  material  was  removed  by  rinsing  with  distilled  water  and 
decanting  fine  material  in  suspension.  Removal  of  fine  material  is  a 
precaution  against  meteoric  ^^Be  contamination  that  may  be  present  on 
mineral  surfaces  (Brown  et  al.,  1991).  Li  was  measured  in  surface  samples 
collected  near  the  core  sites  by  flame  atomic  absorption  spectrophotometry 
using  methods  described  in  Chapter  2.  Li  concentrations  were  measured  in  a 
1  N  HCl  leach  (70OC)  and  in  the  residue  remaining  from  the  leach  step.  For 


further  information  about  analytical  methods  see  Brown  et  al.  (1992)  and 
Chapter  2, 


Results 

^He,  l^Be ,  and  26a1  data  for  the  two  cores  are  tabulated  in  Tables  1-4 
and  Li  concentrations  are  tabulated  in  Table  5.  A  small  correction  was  made 
to  the  total  ^He  concentrations  to  accotmt  for  nucleogenic  ^He  produced  by 
the  thermal  neutron  reaction  ^Li(n,a)T-^He,  where  the  thermal  neutrons  are 
indirect  products  of  U  and  Th  decay  via  (a,n)  reactions  (Morrison  and  Pine, 
1955;  Trull  et  al.,  1991;  Brook  and  Kurz  (1993)  [Chapter  3]).  The  correction 
employs  the  measured  ^He  concentration  and  an  assumed  ^He/^He  ratio  for 
nucleogenic  production  of  0.011  ±  0.004  Ra  (where  Ra  is  the  atmospheric 
^He/^He  ratio:  1.384  x  10^).  Hiis  ratio  is  based  on  a  step-heating  experiment 
of  a  Beacon  Supergroup  quartz  sandstone  sample  from  Arena  Valley  (Trull  et 
al.,  1991).  The  exact  nucleogenic  ^He/^He  production  ratio  depends  on  the 
ratio  of  Li/(Th+U)  and  may  vary  from  sample  to  sample.  The  correction  is 
quite  small,  however  (see  Tables  1  and  3)  and  uncertainty  in  the  exact 
correction  does  not  contribute  large  uncertainties  to  the  total  cosmogenic  ^He 
concentrations  (see  Chapters  1  and  3). 

To  check  the  validity  of  the  correction,  the  top  sample  from  KBA89-77 
was  measured  in  replicate.  Because  replicate  arudyses  of  quartz  samples,  based 
on  this  and  previous  work  (Brook  and  Kurz,  1993  [Chapter  3]),  have  widely 
varying  ^He  concentrations  but  constant  ^He  concentratioirs  they  allow  an 
independent  constraint  on  the  nucleogenic  ^He/^He  ratio.  Figure  2 
illustrates  this  approach,  plotting  1/^He  vs.  the  ^He/^He  ratio  (normalized  to 
the  atmospheric  ratio)  for  four  replicate  analyses  of  the  top  section  of  core 
KBA89-77  and  for  two  similar  sandstone  samples  from  moraine  boulders  in 
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Arena  Valley  used  as  internal  mass  spectrometer  standards  (data  in  Chapter 
2).  Spallation  produces  helium  with  a  ^He/^He  ratio  of  ~0.2  (Mazor  et  al., 
1970),  but  in  quartz  radiogenic  ^He  concentrations  are  several  orders  of 
magnitude  greater  than  cosmogenic  ^He  concentrations,  and  the  latter  can  be 
ignored.  As  a  result,  the  linear  relatioiiship  in  Figure  2  can  be  interpreted  as 
a  mixtiue  of  nucleogenic  and  cosmog^c  helium  and  the  y-intercept  gives 
the  ^He/^He  ratio  of  the  nucleogenic  component.  For  KBA89-77  this  analysis 
gives  a  nucleogenic  ^He/^He  ratio  of  -0.05±0.01,  suggesting  that  although  the 
correction  for  nucleogenic  ^He  is  not  well  constrained,  it  is  insignificant  in 
the  core  samples.  The  negative  intercept  may  indicate  the  presence  of  a 
minor  third  component,  however,  its  identity  can  not  be  constrained  with 
these  data.  For  the  two  quartz  standards  the  y-intercept  ratios  are  slightly 
higher  (Fig.  2)  but  still  quite  close  to  die  value  used  in  the  correction.  For 
BAK90-79  enough  replicate  analyses  for  the  curve  fitting  in  Fig.  2  are  not 
available,  but  examination  of  the  duplicate  measurements  in  Table  3  indicates 
that  the  nucleogenic  correction  carmot  be  significant.  In  one  duplicate 
(KBA89-77-11, 1-1.3  mm  grains  )  the  cosmogenic  ^He  concentration  is  higher 
in  the  duplicate  with  the  higher  ^He  concentration,  suggesting  that  the 
nucleogenic  correction  for  ^He  cannot  be  an  imderestimate.  In  KBA89-77-8 
(0.5-0.7  mm  grains),  despite  the  35  %  difference  in  ^He  concentration  in  the 
replicate  analyses,  the  cosmogenic  ^He  concentrations  are  within  1-sigma  of 
each  other.  The  poor  agreement  for  the  KBA89-77-11  replicates  is  probably 
due  to  the  poor  quality  of  the  grains  available  for  the  second  replicate,  which 
has  a  significantly  lower  concentration  than  the  first.  Only  a  small  sample  (~ 
20  mg)  was  available  and  the  grains  were  significantly  fi'actured  and  contained 
some  tightly  cemented  smaller  grains.  The  low  concentration  may  be  a  result 
of  diffusive  loss  and  this  point  is  not  used  in  the  curve  fitting  below. 
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Figure!.  Plots  of  1/^He  vs  ^He/^He  ratio  for  replicate  analyses  of  two 
sandstone  standards  and  replicates  of  top  section  of  KB  A89-77.  Due  to 
heterogeneity  in  ^He  concentrations  and  constant  cosmogenic  ^He 
concentrations  the  data  fall  on  a  straight  line.  The  y-intercept  corresponds  to 
an  infinite  ^He  concentration  and  is  interpreted  as  the  ^He/^He  ratio  for 
nucleogenic  production  of  ^He  by  the  reaction  6Li(n,a)T-3He.  See  text  for 
further  discussion. 
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Exponential  proxies  were  fit  to  the  and  26 a1  data  for  both  cores, 
the  ^He  data  for  both  0.5-0.7  mm  and  1-1.3  mm  grains  in  BAK90-79  and  the 
0.5-0.7  mm  grains  in  KBA89-77  (Figs.  3  and  4),  asstiming  the  relationship; 


W=W,Mp(-%)  (1), 

where  No  is  the  surface  concentration,  N  is  concentration  at  depth  d  (d  in  g 
cm~2),  and  L  is  the  exponential  attenuation  length  (Kurz,  1986;  Brook  et  al., 
1992;  Brown  et  al.,  1992).  A  weighted  least  squares  method  was  used  for  the 
curve  fitting.  and  26 a1  attenuation  lengths  for  KBA89-77  are  145  ±  5  and 

153  ±  13  g  cm"2,  respectively,  and  for  BAK90-79  the  values  are  145  ±  6  and  152 
±  5  g  cm"2.  The  ^^Be  attenuation  length  in  KBA89-77  is  slightly  lower  than 
reported  by  Brown  et  al.  (1992)  for  the  same  data  (156  ±  13  g  cm"2),  presumably 
due  to  slight  difierences  in  curve  fitting. 

The  ^He  attenuation  lengths  for  both  size  fractions  in  BAK90-79  are 
slightly  lower,  152  ±  7  g  cm“2  for  1-1.3  mm  grains  and  135±  6  g  cm"2  for  0.5-0.7 
mm  grains.  The  two  profiles  are  offset,  presumably  due  to  greater  loss  of  ^He 
from  the  smaller  grains  (see  below).  The  ^He  results  from  0.5-0.7  mm  grains 
in  KBA89-77  are  tmusual  in  that  they  give  a  much  longer  attenuation  length, 
227  ±  14  g  cm'2  (Fig.  3).  Samples  of  200-300  micron  grains  from  three  different 
depth  intervals  in  this  core  (Fig.  3;  Table  1)  verify  the  observation  from  the 
BAK90-77  core  that  although  smaller  grains  have  lower  ^He  concentrations 
the  offset  between  different  grain  sizes  does  not  appear  depth  dependent. 

Small  deviations  from  the  exponoitial  fits  are  apparent  in  Figs  3  and  4.  In  the 
^He,  l^Be,  and  26^1  data  for  KBA89-77  these  deviations  are  apprently 
correlated  and  may  reflect  density  variations  in  the  rock  surface. 


200 


‘®Beor“Al(Matg*)  3He{M*tg') 


Figure  3.  Depth  prohles  of  ^He  (0.2-0.3  mm  and  0.5-0.7  mm  grains)  l®Be  and 
26 Al  in  core  KBA89-77.  Exponential  scale  lengths  for  l^Be  and  26 ai  are  145  ±5 
and  153  ±  13  g  cm‘2,  respectively.  The  ^He  exponential  scale  length  is 
significantly  greater,  227±14  g  cm"2.  Dashed  line  in  right  hand  figure  is  an 
exponential  curve  fit  to  the  three  data  points  for  0.2-0.3  mm  grains  and  has  a 
scale  length  identical  to  that  for  the  larger  grains.  The  curve  labled  "double 
exponential"  is  a  curve  fit  assuming  two  production  mechanisms,  one  with 
an  exponential  scale  length  of  1700  g  cm"2  (muons)  and  one  with  a  scale 
length  of  150  g  cm'2  (neutrons).  The  results  of  this  fit  suggest  that  214  ±  15  x 
106  at  g"l  of  the  ^He  in  the  surface  was  produced  by  neutrons  and  61  ±  8  106  at 
g"l  was  produced  by  muons.  See  text  for  further  details. 
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Figure  4.  Depth  profiles  of  ^He  (500-700  micron  and  1000-1300  micron  grains;, 
l^Be,  and  26 A1  in  BAK90-79.  Exponential  scale  lengths  for  l®Be  and  26^1  are 
145  ±  6  and  152  ±  5,  respectively.  Scale  length  for  ^He  in  500-700  micron  graiirs 
is  135  ±  6  g  cm"2  and  157  ±  7  g  cm"2  for  1-1.3  mm  grains. 
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In  BAK90-79  the  ^He  and  or  26 a1  data  do  not  appear  correlated  but 

the^He  data  for  0.5-0.7  and  1.0-1.3  mm  grains  do  vary  about  the  fitted 
exponential  curve  in  a  similar  fashion.  The  origin  of  tlie  effect  is  not  clear  but 
one  possibel  explanation  is  that  the  variations  reflect  small  errors  in 
correcting  for  nucleogenic  ^He.  ' 

Discussion 

and  Attenuation  Lengths 

Brown  et  al.  (1992)  concluded  horn  KBA89-77  that  the  attenuation 
lengths  for  ^^Be  and  26a1  are  not  significantly  different  from  each  other.  This 
conclusion  is  confirmed  by  the  results  from  the  second  core.  These  results  are 
important  for  two  reasons.  First  the  agreement  between  the  two  cores  and 
the  excellent  fit  of  the  exponential  profiles  for  the  ^^Be  and  26a1  data  indicate 
that  the  density  measurements  are  valid  and  the  assumption  of  constant 
density  throughout  the  cores  is  valid.  This  permits  simpler  interpretation  of 
the  variability  observed  in  ^He  attenuation  lengths. 

Second,  as  suggested  by  Brown  et  al.  (1992),  the  agreement  between 
attenuation  lengths  for  and  26 Al  indicate  that  the  26Al/10Be  ratio  does 

not  change  significantly  with  depth.  This  allows  the  ratio,  which  should 
change  as  a  function  of  time  due  to  the  different  half-lives  of  the  two 
nuclides,  to  be  used  as  a  chronometer  independent  of  shielding  by 
surrounding  topography,  erosion,  or  changes  in  production  rate  (Brown  et  al., 
1992).  Present  analytical  uncertainties  limit  this  approach  but  future  technical 
improvements  should  allow  broad  applicability. 
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The  only  other  report  of  or  26 a1  depth  profiles  for  comparison  is  a 

lOfie  profile  of  Olinger  et  al.  (1992)  from  a  7m  core  in  the  Bandolier  Tuff,  in 
New  Mexico.  They  reported  a  much  higher  value  of  178  g  cm"2  (no  quoted 
uncertainty).  The  origin  of  the  discrepancy  between  the  results  for  this  core 
and  the  Antarctic  ^^Be  data  presented  here  is  not  clear  but  it  may  reflect 
differences  in  latitude  of  the  samples  (e.g.  Olinger  et  al.,  1992).  Atmospheric 
neutron  monitor  data  suggest  that  the  attenuation  length  for  cosmic  ray 
neutrons  increases  with  decreasing  geomagnetic  latitude  (Lingenfelter,  1963), 
presumably  due  to  the  increase  in  cosmic  ray  cut-ofr  rigidity  with  decreasing 
latitude.  The  core  described  by  Olinger  et  aL  (1992)  is  also  significantly  longer 
than  die  cores  described  here.  The  longer  scale  lengtii  for  ^^Be  in  that  core 
may  reflect  production  of  ^^Be  by  muons,  which,  as  discussed  above,  is 
relatively  more  important  at  greater  depths. 

^He  Attenuation  Lengths  and  Production  Mechanisms 

The  ^He  data  for  KBA89-77  are  difficult  to  explain  because  the  high 
scale  length,  227  ±  14  g  cm~2,  is  much  greater  than  expected  for  interactions 
with  neutrons,  e.g.,  ~150  g  cm"2  (Lai  and  Peters,  1967;  Mabuchi  et  al.,  1971).  It 
is  also  higher  than  ^He  production  attenuation  lengths  of  160-165  g  cm'2 
measured  in  Hawaii  (Kurz,  1986)  and  higher  dian  the  ^He  attenuation 
lengths  in  BAK90-79.  Hiere  are  at  least  two  possible  explanations  for  this 
result,  each  with  implications  for  using  cosmogenic  nuclides  for  exposure 
age-dating. 

Diffusion  of  ^He  could  cause  this  eff^  if  diffusive  loss  were  depth 
dependent.  Such  loss  might  be  driven  by  solar  heating  of  rock  surfaces  (Brook 
et  al.,  1992;  Trull  et  al.,  1993).  Production  of  ^He  by  interactions  with  muons 
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(Chapter  1)  could  also  produce  this  effect  since  the  scale  length  for  muon 
interactions  is  considerably  longer  than  for  neutron  interactions. 

Diffusion.  A  number  of  studies  have  demonstrated  the  ^He  is  not 
quantitatively  retained  in  quartz  on  million  year  time  scales  (Graf  et  al.,  1991; 
Trull  et  al.,  1992;  Brown  et  al.,  1991;  Staudacher  and  Allegre,  1991;  Brook  and 
Kurz,  1993  [Chapter  3]).  Brook  and  Kurz  (1993)  [Chapter  3]  and  Trull  et  al. 
(1991)  showed  that  ^He  loss  occurs  at  a  greater  rate  dian  predicted  by 
experimental  measurements  of  ^He  diffusion  in  quartz  (Trull  et  aL,  1991). 

^He  loss  in  0.5-1  mm  quartz  grains  with  ^^Be  exposure  ages  of  ~  2  myr  is 
approximately  30-50%  (Chapter  5),  while  diffusion  measurements  predict  less 
than  10  %  loss  over  this  time  period. 

As  suggested  above^  diffusion  might  explain  the  anomalous  depth 
profile  if  the  loss  process  was  depth  dependent,  e.g.,  producing  greater  loss  at 
the  surface  than  at  depth.  In  principle,  solar  heating  of  die  rock  surface  could 
cause  such  an  effect,  and  elevated  temperatures  of  Dry  Valley  rock  surfaces 
due  to  solar  heating  have  been  documented  by  biologists  stud3dng  endolithic 
microorgcinisms  (e.g.,  McKay  and  Friedman,  1985).  These  studies 
demonstrate  that  short-term  variations  in  insolation  cause  significant 
increases  (up  to  25  degrees  C)  in  rock  temperatures  on  sub-diumal  time  scales. 
These  measurements  extend  only  a  few  centimeters  at  most  into  the  siuface, 
however,  and  show  that  these  sub-diumal  temperature  variations  are 
damped  significandy  over  that  distance. 

Although  diffusion  was  originally  considered  as  a  mechanism  for 
producing  the  anomalous  profile  (Brook  et  al.,  1992),  the  present 
measurements  suggest  that  this  is  incorrect.  Loss  due  to  diffusion  should  be  a 
function  of  grain  size  (Tmll  et  al.,  1991)  and  should  result  in  different 
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apparent  attenuation  lengths  for  different  grain  sizes.  The  ^He 
measurements  m  different  size  factions  at  the  same  depth  intervals  in  both 
cores  show  that  although  smaller  grains  have  lower  concentrations,  there  is 
no  such  depth  dependent  pattern  in  the  difference  between  concentrations  in 
large  and  small  grains  (Figs  3  and  4,  Tables  1  and  3).  In  fact,  in  BAK90-79,  the 
exponential  scale  length  is  slightly  lower  in  the  smaller  grains  (Fig.  4),  the 
opposite  of  the  effect  expected  if  loss  is  enhanced  at  the  surface.  Hie  lower 
concentrations  in  the  smaUer  grains  at  all  depths  indicate  diat  diffusion  is 
significant,  but  it  does  not  appear  to  be  dependent  on  depth  in  either  core. 
Although  there  are  less  data  for  two  size  fractions  in  the  KBA89-77  core, 
where  the  unusual  profile  exists,  it  seems  unlikely  that  solar  insolation  could 
affect  only  one  of  two  surfaces  from  die  same  region.  In  addition,  recent 
modeling  studies  of  diermally  driven  diffusion  of  ^He  in  quartz  (Trull  et  aL, 
1993)  suggests  that  significant  ^He  loss  caused  by  8ub>diumal  heating  should 
be  confined  to  the  upper  10-20  cm  of  die  core.  The  depth  profile  for  ^He  in 
0.2-0.3  mm  grains  in  KBA89-77  (Fig.  3)  is  identical  to  that  for  0.5-0.7  mm 
grains,  indicating  that  loss  at  the  surface  is  not  greater  dian  loss  at  depth. 

^He  Production  By  Muons,  The  primary  production  mechanism  of  ^He  in 
terrestrial  rocks  is  spallation  by  cosmic  ray  neutrons,  but  muons  also  produce 
small  quantities  of  ^He  through  a  variety  of  mechanisms.  Production  of  ^He 
by  muons  could  produce  a  depth  profile  of  the  type  observed  because  muons 
have  a  much  longer  exponential  path  lengdi  in  rocks  than  neutrons.  In  fact, 
Kurz  (1986)  explained  an  anomalous  ^He  profile  in  a  Hawaiian  lava  flow  by 
invoking  this  mechanism.  Experimental  measurements  show  that  the 
stopping  rate  of  muons  in  sand  has  an  exponential  path  length  of  ~  1700  g  cm~ 
2  (Hall  and  Richmond,  1974).  In  addition,  Hampel  and  Kirsten  (1975) 
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calculated  a  similar  profile  for  rocks  although  they  suggest,  as  do  Bilokon  et 
al.  (1989),  that  over  the  first  ~500  g  cm"2  the  muon  stopping  rate  in  rocks 
increases  slightly  or  at  least  remains  constant.  The  scale  length  for  production 
of  ^He  by  muons  used  by  Lai  (1987)  in  calculating  ^He  production  rates  is  ~ 
1500  g  cm~^,  and  is  based  on  observations  of  nuclear  disintegrations  in  nuclear 
emulsions  exposed  underground  (George  and  Evans,  1950).  The  results  of 
Hall  and  Richard  (1974)  are  used  here  because  they  were  obtained  in  material 
similar  to  the  Beacon  Supergroup  sandstones  and  because  they  are  based  on 
experimental  measurements  in  situ  in  that  material. 

As  described  above,  the  combination  of  the  neutron  and  muon 
component  would  produce  an  exponential  profile  with  an  apparent  scale 
length  between  150  and  1700  g  cm'^,  depending  on  the  relative  contribution 
of  both  mechanisms.  Because  of  the  difierences  in  die  scale  lengths,  erosion 
is  also  a  factor;  the  higher  the  surface  erosion  rate,  the  more  important  the 
muon  component  will  be.  The  erosion  rate  of  this  surface,  based  on  the  ^^Be 
and  26a1  measurements,  is  ~  1  x  10^  g  cm-2  yr-1  (Brown  et  al.,  1992).  This 
value  is  somewhat  higher  than  values  of  1-2  x  10"^  g  cm"2  yr-1  suggested  by 
Brown  et  al.  (1991)  and  Nishiizumi  et  al.  (1991)  for  other  Dry  Valley  glacial 
deposits.  However,  due  to  the  exposed  position  of  the  outcrop  this  rate  is  not 
imreasonable,  and  corresponds  to  the  removal  of  ~  50  cm  of  material  in  one 
million  years  (assuming  a  density  of  2  g  cm"^). 

Constraining  the  importance  of  ^He  production  by  muons  also  requires 
knowledge  of  production  rates  due  to  muon  and  neutron  interactions.  These 
rates  are  not  well  known  (Chapter  1),  although  several  measurements  of  the 
total  rate  of  ^He  production  (~  120  at  g"!  yr~^  at  sea  level,  >  60°  N  geomagnetic 
latitude;  see  Chapter  1)  are  available  (Cerling,  1990;  Kurz  et  al.,  1990).  The 
most  important  cosmogenic  ^He  production  mechanisms  are  spallation  by 
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cosmic  ray  neutrons,  capture  of  cosmic  ray  thermal  neutrons  by  ^Li 
(producing  ^He  via  the  reaction  ^Li(n,a)T-3He),  spallation  reactions  caused  by 
neutrons  produced  by  muon  interactioi\s,  and  thermal  neutron  capture  in  ^Li 
of  thermal  neutrons  produced  by  muon  interactions  (Lai,  1987;  Kurz,  1986). 
The  former  two  mechanisms  should  have  a  scale  length  of  ~  150  g  cm~^,  the 
latter  ~  1700  g  cm"2. 

Of  the  production  mechanisms  due  to  muons  only  production  of  ^He 
from  muogenic  thermal  neutrons  can  produce  appreciable  amounts  of  ^He  in 
most  terrestrial  rocks.  Direct  muon  capture  in  lithium  is  not  important, 
producing  less  than  10"3  at  g"l  yr  ^  of  ^He  (Kurz,  1986;  Lai,  1987).  Neutrons 
produced  in  muon  capture  reactions  (see  Chapter  1)  have  energies  of  5  to 
several  tens  of  MeV  (Charalumbus,  1971;  Lai,  1987)  and  have  not  been 
considered  energetic  enough  to  produce  ^He  by  spallation  in  common  rocks 
(Lai,  1987).  ^He-produdng  spallation  reactions  with  lower  energy  thresholds 
(3-8  MeV)  are  discussed  by  Lai  (1987),  but  their  targets  (^Li,  ^n,  19f,  40k,  SOy, 
40Ca,  58Ni^  842n)  are  not  significant  in  quartz.  Muogenic  thermal  neutrons 
produce  ^He  via  the  8Li(n,a)t-3He  reaction,  and  die  rate  varies  with  rock 
composition,  depending  on  the  thermal  neutron  flux,  lithium  concentration, 
and  the  concentrations  of  all  other  thermal  neutron  absorbers  and  their 
thermal  neutron  capture  cross  sections.  The  production  rate  can  be  calculated 
with  equations  2  and  3: 


.  [Lila,, 


(2) 


(3), 
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where  f  is  the  fractioi\  of  thermal  neutrons  that  produce  ^He,  o  is  the  thermal 
neutron  capture  cross  section,  [X]  denotes  concentration,  ^  production 

rate  of  ^He  from  muon-produced  thermal  neutrons,  and  Fn-m  the 
muogenic  thermal  neutron  production  rate. 

To  calculate  the  ^He  production  rate  from  muogeiuc  thermal  neutrons 
a  muon  stopping  rate  in  sand  of  195  muons  yr*^  (Hall  and  Richmond, 
1974),  a  neutron  multiplicity  in  muon  capture  of  1.5  (Charalumbus,  1971)  and 
an  f  value  of  0.017  (calculated  for  5  ppm  Li  in  quartz  assiuning  a  composition 
of  Si,  Li,  and  O  only  -  see  Table  5)  were  used  to  arrive  at  a  sea  level  production 
rate  of  5  at  gf^  yr^.  This  is  a  maximum  estimate  because  the  effects  of  other 
thermal  neutron  absorbers  are  not  considered. 

Time  and  Depth  Dependence  of  Muon  Production.  The  ^He  data  for  the 
KBA89-77  core  can  be  modeled  as  the  sum  of  exponential  production  terms 
for  ^He  production  by  muons  and  neutrons: 

PC  He,)  =  PCHeJe^'^'^^  +  PCHeJe^~^^^  (4), 

where  P  is  production  rate,  t  is  total,  m  is  muon,  n  is  neutron,  and  150  and 
1700  g  cm'^  are  attenuation  lengths  for  production  by  neutrons  and  muons, 
respectively.  Fitting  equation  4  to  the  ^He  profile  for  KBA89-77  gives  214  ±  15 
X 10^  at  g"l  ^He  for  the  neutron  component  and  61  ±  8  x  10^  at  g"l  for  the 
muon  component,  suggesting  that  22  ±  3  %  of  the  total  ^He  at  the  surface  was 
produced  by  muons  (Fig.  3). 

At  face  value,  this  analysis  suggests  that  muons  are  more  efficient  at 
producing  ^He  than  previous  calculations  indicate.  Scaling  the  sea  level 
production  rate  of  5  at  g"^  yr^  ^He  produced  by  muons  (calculated  above)  to 
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1700  m,  assuming  an  exponential  path  length  in  the  atmosphere  of  250  g  cm~2 
(Conversi,  1950;  Nishiizumi  et  al.  1989),  gives  a  production  rate  at  altitude  of 
11  at  g"!  at  1700  m.  Assuming  the  total  ^He  production  rate  (from 
neutrons  and  muons)  at  sea  level  is  118  at  yr^  (Chapter  1)  then  the  sea 
level  neutron-produced  component  is  113  at  g*l  yr^  and  scales  to  505  at  g"l  yr 
^  at  1700  m  (using  scaling  from  Lai,  1991).  This  calculation  therefore  suggests 
that  only  2  %  of  the  total  ^He  could  be  produced  by  muons  at  the  altitude  of 
the  core. 

Erosion  changes  the  fraction  of  muon-produced  ^He  in  the  core  due  to 
differences  in  muon  and  neutron  attenuation  lengths,  however.  For  a  stable 
isotope  like  ^He,  assuming  no  diffusion,  the  eff^  of  erosion  can  be  described 
by: 


Cut]  (5), 

E 

where  L  is  the  attenuation  length  for  ^He  production  by  muons  or  neutrons 
and  E  is  erosion  rate  in  g  cm”2  yr^.  Because  L  for  neutrons  (150  g  cm"2)  is  « 
L  for  muons  (1700  g  cm"2),  erosion  changes  the  fraction  of  the  total  ^He  in  the 
rock  that  was  produced  by  muons.  Figure  5  shows  the  development  of  a 
depth  profile  with  time  over  300  g  cm  "2  for  the  combination  of  the  two 
production  mechanisms  and  shows  that  the  profile  becomes  steeper  with 
time,  reaching  a  steady  state  after  several  tens  of  millions  of  years,  with  an 
apparent  single  exponential  scale  length  of  230  g  cm"2.  Figure  5  also  compares 
the  model  profiles  with  the  measured  profiles  for  ^He  in  the  two  cores. 

Figure  6  shows  the  apparent  exponential  scale  length  as  a  function  of  time  for 
different  erosion  rates,  showing  that  the  steady  state  value  is  not  a  function  of 
erosion  rate,  but  that  erosion  changes  the  time  needed  to  reach  steady  state. 
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Figure  5.  Calculated  depth  profiles  as  a  function  of  time  (solid  lines)  using 
^He  production  rates  by  muons  and  neutrons  discussed  in  text  and  assuming 
an  erosion  rate  of  1  x  1(H  g  cm"2.  Time  increases  from  left  to  right,  starting  at 
0  and  increasing  to  100  myr  with  a  time  step  of  10^  yr.  Scale  lengths  increase 
with  time  because  muons  have  a  significantly  higher  scale  length  for 
interactions  than  neutrons  (1700  g  cm"2  vs.  150  g  cm-2).  The  profile  reaches  a 
steady  state  that  corresponds  to  an  apparent  single  exponential  scale  length  of 
~  230  g  cm‘2,  calculated  by  fitting  an  exponential  curve  to  the  results.  Other 
profiles  on  die  plot  show  the  ^He  depth  dependence  shown  in  Figs.  3  and  4. 
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These  values  were  calculated  by  extrapolating  the  muon  and  neutron 
produced  ^He  concentrations  downward  using  the  appropriate  exponential 
attenuation  lengths  and  htting  an  exponential  curve  to  the  results.  As  shown 
in  Fig.  3  this  approach  gives  an  excellent  fit.  Figs  5  and  6  indicate  that  this 
combined  process  of  erosion,  ^He  production  by  muons,  and  ^He  production 
by  neutrons  could,  in  theory,  explain  the  anomalous  ^He  profile.  However, 
this  model  predicts  steady  state  concentrations  that  range  from  8.8  xlO^  at  g~^ 
to  8.8  X  10^0  at  g~l/  significantly  higher  than  the  measured  surface 
concentration  of  ~2.8  x  10®  at  g"l  (Fig.  3). 

The  reason  that  the  model  overestimates  the  measured  concentration 
is  that  the  above  discussion  ignores  the  effects  of  diffusion  on  the 
development  of  the  depth  profile.  Diffusion  could  change  the  temporal 
development  of  the  ®He  profile  because  the  loss  process  essentially  limits  the 
"memory"  of  the  profile  for  past  production,  in  a  maimer  analogous  to 
radioactive  decay.  E)iffusion  of  cosmogenic  ®He  in  quartz  has  been  shown  to 
be  a  complex  process  and  laboratory  measurements  of  diffusivity,  which 
suggest  low  diffusion  rates  on  million  year  time  scales  (Trull  et  al.,  1991),  do 
not  accurately  describe  the  observed  loss  (Trull  et  al.,  1991;  Brook  and  Kurz, 
1993  [Chapter  3]).  Previously  observed  grain  size  dependence  of  ®He 
concentrations  in  quartz  and  a  comparison  of  ^®Be  ages  and  ®He  ages 
calculated  with  the  data  in  Chapter  5  both  suggest  effective  ®He  diffusion 
coefficients  in  quartz  in  the  Dry  valleys  of  lO"!^  to  lO"!^  cm2  s"l  (e.g..  Brook 
and  Kurz,  1993).  These  values  are  one  to  three  orders  of  magnitude  above  the 
value  of  ~  10"20  g  cm"2  s"^  predicted  by  extrapolating  results  of  step-heating 
experiments  to  0  degrees  C  (Trull  et  al.,  1991). 
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Ihe  combined  effects  of  production  of  ^He  by  muons  and  neutrons, 
ditfusion,  and  erosion  can  be  described  in  differential  form  in  an  analogous 
way  to  the  production  and  diffusion  problem  discussed  by  Trull  et  al.  (1991): 

^  =  DV^N+ (6), 

dt 

where  N  is  concentration,  t  is  time.  Pm  and  Pn  are  ^He  production  rates  by 
muons  and  neutrons,  respectively,  and  Ln  and  Lm  are  the  respective 
attenuation  lengths.  The  first  term  describes  loss  of  ^He  due  to  diffusion  and 
the  second  two  terms  describe  the  production  rate  as  a  function  of  time  in  the 
sample  as  it  is  "unburied"  by  erosion. 

This  equation  was  solved  with  a  finite-difference  method  similar  to  the 
solution  described  in  Trull  (1990).  The  model  was  run  from  T=lxl0^  yr  to  the 
present  and  ^He  depth  profiles  over  300  g  cm"2  depth  v.  ere  calculated  from 
the  results.  Resulting  apparent  exponential  scale  lengths  are  plotted  in  Fig.  7 
as  function  of  time.  Solutions  for  values  of  D  between  lO"^^  to  10”17  cm^ 
show  that  a  profile  with  maximum  scale  lengfii  of  210  g  cm~^  can  be  produced 
when  diffusion  is  accounted  for.  As  in  the  "no  diffusion"  case  the  time  to 
reach  near-steady  state  is  relatively  long,  up  to  -20  myr  for  D=lx  10"1^  g  cm"2. 
The  predicted  steady-state  ^He  concentrations  are  also  listed  in  Figure  7  and 
show  that  given  the  production  rates  used  in  the  calculation,  the  model  can 
not  reproduce  both  the  concentration  (2.8  x  10^  at  gr^)  and  apparent 
attenuation  length  (227  g  cm"2)  observed  in  the  core.  Reasonable  values  of  D 
and  Pm  can  be  chosen  that  do  reproduce  fi\e  observed  profile,  however.  For 
example,  increasing  the  fraction  of  total  production  due  to  muons  to  10% 
roughly  reproduces  the  observed  profile  at  steady  state  for  a  value  of  D=2  x  10" 
cm2  s'l. 
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Figure  6.  Total  apparent  exponential  scale  length  as  a  function  of  time  for 
^He  production  by  neutrons  and  muons,  for  erosion  rates  of  lxl0"5, 5  x  10"5, 
lxl(H,  and  lxl0"3  g  cm'2  yr^  (bottom  to  top).  These  curves  were  calculated 
using  the  production  rates  at  1700  m  calculated  in  the  text  and  assume  no  loss 
of  3He  due  to  diffusion.  Corresponding  steady  state  surface  concentrations 
range  from  8.8  x  10®  to  8.8  x  lO^®  at  g'l,  significantly  greater  than  the 
measured  concentration  of  2.8  x  10®  at  g-1.  This  discrepancy  is  due  to  tiie  fact 
that  this  simple  model  does  not  include  the  effects  of  loss  of  ®He  due  to 
diffusion  (see  Fig.  7). 
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Time  (x  10^  yr) 


Figure  7.  Apparent  exponential  scale  lengths  calculated  from  a  finite 
difference  solution  for  a  model  of  erosion,  production  of  ^He  by  muons  and 
neutrons,  and  diffusion,  as  a  function  of  time.  Steady  state  concentrations  are 
included  on  the  figure.  As  discussed  in  the  text  the  model  cannot  reproduce 
the  concentration  (-2.8  x  10®  at  g"l)  and  attenuation  length  (227  g  cm"2) 
observed  in  core  KBA89-77. 
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This  analyris  suggests  that  the  production  rate  of  ^He  by  muons  is 
higher  than  predicted  based  on  the  theoretical  calculations  described  above. 
The  origin  of  this  discrepancy  is  not  clear.  It  is  possible,  however,  that 
production  rates  have  been  imderestimated.  In  the  discussion  of  production 
mechanisms  given  earlier  it  was  assumed  that  ^He  production  by  low  energy 
spallation  due  to  neutrons  produced  in  muon  capture  reactions  was  not 
significant.  Cross  sections  and  excitation  functions  for  isotope  production  by 
neutron  induced  spallation  are  not  well  known,  and  are  often  based  on  cross 
sections  for  proton  interactions  (Lai,  1991).  As  a  result,  it  is  possible  that  the 
importance  of  this  mechanism  has  been  underestimated.  Comparison  of 
excitation  functions  for  ^He  production  by  neutrons  and  protons  in 
aluminum  offer  support  for  this  suggestion.  Threshold  energies  for  ^He 
production  by  neutro  is  in  27^1  are  12  MeV  (Qaim  and  Wolfe,  1982),  while 
Walton  et  al.  (1976)  reported  values  of  ~  25  MeV  for  production  of  ^He  by 
protons.  If  this  difference  between  proton  and  neutron  induced  threshold 
energies  is  a  general  effect  in  most  conunon  elements,  as  suggested  by 
theoretical  cross-section  calculations  (R.  Reedy,  personal  commimication) 
then  ^He  production  by  muons  may  be  more  important  than  expected. 
Further  investigation  of  this  problem  will  require  measurement  of  the  ^He 
production  rate  by  muons  in  deeply  buried  rocks.  Such  a  measurement  may 
be  difficult  because  it  requires  a  well-dated  sample  with  a  well-constrained 
erosion  rate,  but  having  an  age  great  enough  to  permit  an  accurate 
measurement. 

The  fact  that  the  ^He  profile  in  BAK90-77  is  not  significantly  different 
from  the  ^^Be  and  26 Al  profiles  presents  an  apparent  dilemma,  in  that  this 
core  does  not  suggest  the  effect  of  ^He  production  by  muons,  although  the 
lithium  concentration  is  not  appreciably  different  (Table  5).  One  possible 
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explanation  is  that  the  exposure  histories  of  these  surfaces  are  very  different. 
KBA89-77  comes  from  a  bedrock  saddle  almost  devoid  of  signs  of  glacial 
d^>osition  and  erosion  and  may  have  been  formed  during  the  original 
cutting  of  the  Dry  Valleys  topography,  sometime  in  the  mid-Miocene. 
Although  the  idea  is  controversial,  Denton  et  al.  (1984)  suggested  that  a  large 
ice  sheet  overrode  most  of  the  TransAntarctic  mountains,  cutting  the  present 
valley  topography,  both  before  and  after  9  to  15  mjrr.  Merchant  (1990)  later 
used  K-Ar  dates  from  volcanic  ash  to  suggest  that  Arena  Valley  topography 
(Fig.  1)  has  been  extant  for  at  least  11.3  myr.  Therefore,  it  is  possible  that  this 
surface  has  been  e)q>osed  for  >  10  m3nr.  In  addition,  overriding  ice  at  high 
altitudes  may  not  have  removed  much  bedrock  material,  leaving  open  the 
possibility  that  the  bedrock  surface  saw  an  even  longer  effective  exposure  to 
cosmic  rays. 

BAK90-79  was  collected  near  outcrops  of  Sirius  Group  tills  on  Mt. 
Fleming.  The  age  and  glacial  history  of  the  Sirius  Group  are  also 
controversial  (see  discussion  in  Brook  et  al.  (1993)  [Chapter  4]  and  Chapter  5), 
but  it  has  been  suggested  that  Sirius  Group  tills  were  deposited  as  late  as  2.5 
myr  ago  (McKelvey  et  aL,  1991;  Barret  et  al.,  1993).  The  absence  of  a  steep  ^He 
depth  profile  in  the  core  collected  diere  is  consistent  with  the  hypothesis  that 
the  bedrock  surface  on  Mt.  Fleming  is  related  to  a  glacial  event  occuring 
within  the  last  -  5  myr. 
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Conclusions 


I 

1)  Depth  profiles  of  ^^Be  and  26 a1  in  two  sandstone  bedrock  cores  from  the 
Dry  Valleys  region  of  Antarctica  exhibit  exponential  scale  lengths  of  145  ±  5 
and  145  ±  6  for  26^1  and  153  ±  13  and  152  ±  5  g  cm"2  for  ^^Be.  Hie  excellent 
agreement  between  the  two  cores  strengthens  earlier  suggestions  that  the 
26Al/10Be  ratio  in  terrestrial  rocks  does  not  change  with  depth  and  dierefore 
does  not  change  with  erosion  rate,  and  may  be  a  useful  dating  tool  (Brown  et 
al.,  1992). 

2)  ^He  depth  profiles  in  the  two  cores  are  significantly  different,  giving 
exponential  scale  lengths  of  135  ±  6  (0.5-0.7  mm  grains)  and  152  ±7  (1-1.3  mm 
grains)  for  one  of  the  cores  and  227  ±  14  for  die  second.  The  latter  is  higher 
than  expected  for  neutron  interactions  in  rocks  (~  150  g  cm’2).  Models  of  the 
combined  effects  of  ^He  production  by  neutrons  and  muons  coupled  with 
bedrock  erosion  and  diffusion  suggest  that  the  combination  of  these  processes 
can,  in  principle,  produce  exponential  profiles  like  the  one  observed. 
Estimates  of  ^He  production  rates  by  previously  suggested  muon-induced 
mechanisms,  however,  fail  to  reproduce  the  observed  core-profiles  and  ^He 
concentrations,  suggesting  that  an  additional  muon-induced  production 
mechanism  is  important.  (n,T)  or  (n,3He)  reactions  with  neutrons  produced 
in  muon  capture  are  possible  ^He-producing  mechanisms  that  have  not 
previously  been  considered  important  in  this  context.  Muon-produced  ^He 
may  be  important  in  surface  exposure  studies,  particularly  in  deeply  eroded 
terraines. 
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Tablet.  Hdiam  isotapic  data  for  Core  KBA89'77.  Unless  noted  all  data  are  for  03-0.7  aim  quartz  grains. 
^H^He  ratios  rdative  to  atmospheric  ratio  (Ra)  (1384  x  10^).  ^HefB  total  ^Heja  radiogenic  ^He, 
^Heeacoamogenic  ^He.  ^Heia^e  x  ^He^Helr  uriiere  (^He/^Helr  *  0311  ±  0304  (see  text).  Means  are 
weighted  for  analytical  uncertainty. 


Sample  DcpOiInt  Dcpttt  4iic  la  R/Ra  la  iHct  1*  ^Hcr  1*  ^Rcc  1* 
(cm)  <8)  ccSTP^oS  Mat/k  Mat/g  Mai/R 


77-1 

0 

34 

37 

31.7 

03 

21.94 

0.19 

258.69 

376 

0.13 

038 

25837 

376 

0 

34 

37 

697.0 

7.9 

135 

0.05 

273.18 

13.07 

235 

1.72 

27033 

1135 

0 

34 

37 

556.1 

38 

1.14 

0.01 

235.12 

375 

237 

137 

23234 

137 

0 

34 

37 

86.7 

0.4 

7JO 

0.04 

24035 

1.74 

035 

031 

240.« 

133 

37 

mean 

239.18 

135 

77-2a 

83 

13 

243 

6543 

103 

1.02 

038 

248.49 

2034 

368 

131 

24531 

20.40 

77-2b 

13 

14.9 

313 

57.0 

03 

11.07 

0.CS 

23433 

1.77 

033 

0.14 

23430 

1.77 

13 

14.9 

313 

513 

03 

13.79 

0.19 

26231 

3.93 

031 

0.13 

262.40 

3.93 

313 

mean 

23934 

0.62 

77-2c 

19.9 

239 

483 

853 

03 

739 

0.16 

24434 

533 

035 

031 

244.19 

533 

19.9 

239 

483 

56317 

85.4 

0.12 

0.04 

2^34 

8130 

23.05 

13.90 

22639 

8398 

483 

mean 

244.12 

0.19 

77-3 

283 

313 

69.1 

3529.9 

39.6 

0.15 

0.02 

A36 

1931 

14.44 

8.71 

17933 

2134 

77-4 

373 

413 

893 

385.9 

53 

131 

0.04 

17S33 

531 

138 

0.95 

171.75 

539 

77-5 

45.1 

483 

1063 

168.6 

24.6 

395 

036 

18436 

2739 

0.69 

0.43 

184.17 

27.10 

77-4 

603 

633 

141.4 

703 

03 

530 

034 

15030 

1.02 

039 

0.17 

149.91 

133 

77-7a 

66.4 

693 

154.7 

397.4 

57.9 

0.90 

0.CS 

13331 

19.89 

133 

1.01 

13138 

19.91 

77.7b 

72 

75 

167.6 

1239.0 

1803 

034 

032 

10837 

1875 

5.07 

3.14 

10331 

19.01 

77-* 

79.6 

831 

1843 

2137 

39 

1.45 

0.08 

11532 

6.67 

037 

032 

114.15 

6.69 

TlJi 

90.1 

937 

208.4 

245.1 

23 

1.19 

ao5 

108.19 

5.07 

130 

0.60 

107.19 

5.11 

77-10 

105.4 

1093 

244.6 

5803 

843 

039 

0.03 

83.97 

14.16 

237 

1.47 

8139 

1433 

105.4 

1093 

244.6 

5933 

3.1 

0.41 

0.01 

90.45 

130 

2.43 

1.46 

88.02 

139 

2443 

mean 

87.91 

033 

77-1  (.2-3 

0 

34 

37 

873 

0.1 

306 

0.02 

66.78 

0.75 

036 

032 

66.43 

078 

mm) 

77-5(3-3 

45.1 

483 

1063 

736.0 

43 

0.16 

0.01 

4433 

3.02 

3.01 

132 

4132 

332 

mm) 

45.1 

483 

1063 

1963 

1.0 

0.75 

0.01 

55.04 

0.78 

031 

0.49 

5433 

0.92 

1063 

mean 

53.41 

1.12 

77-10(3-3 

1(S.4 

1093 

244.6 

983 

0.1 

0.66 

0.02 

24.02 

039 

0.40 

034 

23.62 

0.63 

mm) 


Table  2.  ^OSe  and  26a1  data  for  KBA89-77  core  from  Brown  et  aL  (1992). 


Sample  Depth  lO^e  la  26;^}  Is 

(g)  (Matg'l)  (Matg-1) 


77-1 

2.7 

20.00 

1.18 

97.00 

10.96 

77-2a 

24.3 

18.30 

1.10 

74.00 

16.58 

77-2c 

48.8 

17.10 

1.04 

78.90 

8.84 

77-3 

69.1 

13.30 

0.78 

73.90 

8.20 

77-4+5 

97.5 

11.50 

0.64 

5020 

5.17 

77-6 

141.4 

8.96 

0.53 

45.00 

6.57 

77-7a 

154.7 

6.56 

0.39 

36.90 

428 

77-7b 

167.6 

6.86 

0.41 

40.30 

4.72 

77-8 

184.3 

5.90 

0.38 

27.70 

3.60 

77-9 

208.4 

3.92 

0.79 

23.40 

3.11 

77-10 

244.6 

420 

0.25 

25.00 

5.15 
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Tabic  3.  Helium  isotopic  data  for  BAK90-79  core.  ^Hc/^Hc  ratios  relative  to  atmospheric  ratio  (1.384  x  lO* 
^).  ^HcfB  total  ^Hc.  ^Hei*  radiogenic  ^Hc,  ^Hec^comBogaiic  ^He  ^Her^He  x  ^Hc/^e)r  aiiere 
(3H«/^c)rs0Dll±0/W4  (see  text).  Means  ate  weighted  for  analytical  uncertainty. 


Sample 

Depth  InL 

Depdi 

Sise  FncL  4|{c  la  B/Sa  la 

3h« 

1* 

^Hei 

li 

1  3Hec 

la 

(on) 

(8) 

(mm) 

ecSTP 

(Matte) 

(Mat/ 

(Mat/ 

xlO® 

8> 

8) 

m+2 

4.1 

8.9 

13.6 

1-13 

12139 

1.04 

1955 

0.19 

859.13 

1139 

050 

0.18 

85854 

1139 

79-1+2 

4.1 

8.9 

13.6 

5-.7 

9839 

1434 

1171 

0.14 

464.96 

67.96 

0.40 

0.16 

46456 

67.% 

79-3 

19.1 

25.4 

46.7 

1-13 

3163 

059 

6356 

0.46 

76532 

5.97 

0.13 

056 

76559 

5.97 

79-3 

19.1 

25.4 

46.7 

5-.7 

79.15 

112 

11.49 

0.10 

338.04 

952 

032 

0.12 

337.71 

952 

79-6 

38.1 

423 

8U 

1-13 

96.63 

058 

1133 

0.12 

40332 

432 

0.40 

0.14 

40193 

433 

79^ 

38.1 

423 

843 

5-.7 

374.11 

5.96 

135 

054 

25758 

752 

153 

056 

255.S 

754 

79-7 

533 

573 

1165 

1-13 

145.91 

231 

835 

057 

48050 

8.71 

0.60 

032 

479.41 

8.71 

79-7 

533 

573 

116j0 

5-3 

39.16 

ail 

1734 

0.14 

25390 

113 

0.16 

056 

:^.74 

113 

79-8 

61.0 

643 

132j0 

1-13 

56433 

8236 

115 

0.04 

450.78 

6631 

231 

0.90 

448.3^ 

6631 

79S 

61.0 

643 

132.0 

5-.7 

135.18 

1.42 

431 

058 

231.63 

4.61 

055 

030 

23157 

362 

794 

61.0 

643 

132j0 

5-.7 

9956 

052 

343 

058 

23374 

334 

0.41 

0.15 

23634 

334 

132.0 

mem 

23450 

038 

79-11 

813 

85.1 

174.7 

1-13 

16235 

435 

532 

056 

315.95 

9.15 

0.67 

034 

31539 

9.15 

79-11 

813 

85.1 

174.7 

1-13 

51.92 

0.13 

1031 

ai2 

20394 

239 

031 

058 

20372 

239 

174.0 

mMn 

21150 

a43 

79-11 

813 

85.1 

174.7 

5-.7 

4232 

0.12 

1137 

0.10 

18378 

150 

0.17 

0.06 

18650 

150 

79-12 

1003 

104.1 

214.7 

1-13 

16633 

173 

335 

055 

225.69 

379 

0.68 

035 

22551 

379 

79-12 

1003 

104.1 

214.7 

5-.7 

90.49 

032 

196 

053 

99.44 

1.16 

037 

0.13 

9957 

1.17 

79-14 

1163 

1245 

253.4 

1-13 

18175 

1.94 

233 

055 

158.40 

355 

0.75 

037 

157.65 

356 

79-14 

116.8 

1245 

253.4 

5-.7 

143.96 

153 

136 

302 

7159 

150 

059 

031 

7250 

151 
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Table  4.  and  data  for  core  KBA89-77.  Sample  79-l-«'2  is  combination 
of  79-1  and  79-2.  Means  are  weighted  for  analytical  uncertainties. 


Sample 

Depth 

lOBe 

Is 

26a1 

Is 

(8) 

(Matg-D 

(Matg-1) 

79-1+2 

6.5 

30 

1.77 

116 

6.58 

79-3 

48.9 

20.9 

1.17 

92.7 

6.19 

79-3 

48.9 

25.3 

1.48 

mean 

22.59 

1.09 

79-6 

88.3 

16.9 

0.845 

79-7 

121.5 

13.5 

0.796 

55.3 

3.67 

79-7 

121.5 

13.3 

0.781 

mean 

13.40 

1.79 

79-11 

183.0 

9.01 

0.533 

38.9 

2.76 

79-11 

183.0 

9.7 

0.573 

mean 

9.33 

2.56 

79-12 

224.9 

6.5 

0.381 

27.4 

1.96 

79-12 

224.9 

7.2 

0.414 

mean 

6.82 

357 

79-14 

265.4 

5.05 

0.291 

21.25 

2.125 
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Table  5.  Lithium  concentrations  in  core  top  sandstones. 


Mt.  Fleming 

BAK90-81  leach  4.6 

BAK90-81  bulk  3.28 

Arena  Valley  Terrace 

KBA89-77-12  bulk  below  detection 

KBA89-77-12bulk  5.0 
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Chapter  7  Appendix.  Matlab  code  "difpro.m."  Fmite  difference  solution  to 
equation  6  in  text.  Representative  results  are  shown  in  Fig.  7. 

%  Chapter  7  Appendix 

%Matlab  M-file  "di^rojn"  Aug  19  1993  E.  Brook 
%  Adapted  from  Findif  program  of  Trull  (1990). 

% 

%The  program  is  a  finite  difference  model  designed  to 
%calculate  concoitration  versus  time  for  spherical  grains 
%e)q)eiiendng  3He  production  by  muons 
%aiKl  neutrons,  including  the  effects  of  diffusion  arul  erosion. 

%The  results  of  die  finite  difference  calculations  are  presented  in  Figure  7. 

%tmax=le8; 

%k=l; 

%while  tmax<=le8 

%Parameters 
e=le-4; 

D=2e-18; 

Dyr=D*365*24*60''2; 
rho=2.8; 

Pn=454; 

Pnv=:Pn*rho; 

Pm=50.5; 

Pmv=Pm*rho; 
a=.03; 

vgrain=(4/3)*pi*a'^3; 

Ln=150; 

Lm=1700; 
gridsp=50; 
drsa/(gridsp); 

%dt=.2*dr''2/Dyx; 
tmax=2e7; 
tstep=100000; 
dt=tmax/tstep; 
dc=DyT*dt/dr^2; 

%vector  parameters 
tp=:(0:tmax/tstep:tmax); 
t=(tmax*tp); 

Pnvt=Pnv.*exp(-l*e.*t/Ln); 

Pmvt=Pmv.*exjK-l*e.*t/Lin); 

%initialize  cold 
for  i=l:gridsp-t-l; 
cold(i)=0; 
cnew(i)=0; 
end 

%nested  loops  to  calculate  radial  profile  at  each  time  step 
for  j=l:tstep 


%loop  to  calculate  profile 


%eiosion  in  g  cm-2  yr*l 
%Difiusion  coefficient  in  an2  s-1 
%Diffusion  coefficient  in  cm2  yr-1 
%density  in  g  aai-3 

%pr^  from  neutrons  at  g-1  yr-1 
%Pninatcc-l  yr^l 

%prod.  from  muons  at  g-1  yr-1 
%Pm  in  at  cc-1  yr-1 
%grain  radius  in  cm 
%grain  volume  in  cc 

%neutron  att  length  g  cm-2 
%muon  att  length  g  cm-2 
%radial  step  dist 
%radial  grid  spacing 
%stability  parameter 
%total  time  in  yr 
%time  grid 

%grid  time  interval  in  yr 
%flux  increment 


%time  variable 

%time  backward  for  time-variant  production  rates 
%neutron-3He  production  rate  each  time  step 
%muon-3He  pi^uction  rate  at  each  time  step 

%set  initial  cone,  to  0 
%-<-l  to  set  boundary  conditions 
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for  i-2:gridsp 


%algorithm  below  is  standard  finite  difference  solution  for  spherical  geometry 
%(Crank, }.  (1975)  The  Mathematics  of  Diffusion.  Oxford  University  Press.  414pp.) 

cnew(i)=cold(i)+(dc/i)*((i-l)*cold(i-l)- 

2*i*cold(i)+(i+l)*(cold(i+l)))+Pnvt{j)*dt+Pmvt(j)*dt; 

cnew(l)5=cold(l)+6*dc*(cold(2)-cold(l))+Pnvt(j)*dt+Pmvt(j)*dt; 

M(:j)=cnew'; 

end; 

cold=cnew; 

end; 

%Calculate  total  3He  in  grain  with  volumc'weighted  average 
%Fbr  tin\e  steps  cortespon'  '.ing  to  last  300  g  cm-2  of  model 


for  i=2:gridsp 

volout(i)=(4/3)*pi*(i*dr)''3; 
volin(i)=(4/3)*pi*((i-l)*dr)'^3; 
volshell(i)=volout(i)-voiin(i); 
wtshell(i)svol8hell(i)  /vgrain; 
wtshell(l)=(4/3)*pi*dr''3/vgrain; 


%outer  volume 

%inner  volume 
%net  shell  volume 
%wt  for  cone.  cak. 
%wt  for  center  cone. 


Ml®M(l:gridsp,:);  %iemove  boundary  cone. 

Iplm=300/((tmax/t8tep)*e)  %tiine  step  corresptmding  to  300  g  cm'2 

for  issldplm  %calculate  total  cone,  for  0-300  g  cm-2 

fconc(i)=(l/rho)*sum(wtsheir.*Ml(:,i-f(tstep-lplm))); 
end 
save 

%  last  section  of  loop  to  calculate  attenuation  length  as  a  function  of  time 
%sol(k)=fconc(l)/fconc(lplm);  %apparent  attenuation  factor  at  time  index  k 
%csoI(k)=fconc(lplm);  %concentration  at  time  index  k 

%isoi(k)=Iplm;  %step  corresponding  to  300  g  cm-2 

%k=k+l; 

%tmiO(=tmax-«-5e6; 

%end 

%save  dfdatl 
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